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GENERAL INTRODUCTION 
9 
The first description of the eustachian lube (ET) originates from Alcmacon of Sparta 
(about 580 B.C.)1. He stated thai in goats this structure connects the nasal airway and the 
ear, enabling the animals to breath through their noses and their ears. 
A more detailed anatomical descriplion of the ET was published by Bartholomeus 
Eustachius in his "Epistola de auditus organis"'. He believed that the ET was normally 
open and this was necessary for hearing. Three centuries later (1853) Toynbee2 proposed 
that the nasopharyngeal orifice of the ET was normally closed and opened during 
deglutition to permit the inflow of air. Shortly afterwards Von Tröltsch ( 1862)3 and Politzer 
(1867)4 came to the same conclusion. Inflow of air was assumed to compensate for the 
continuous gas absorption in the middle ear and prevent the development of a vacuum. 
This concept on ET physiology was not generally accepted and the discussion about 
whether the ET was permanently open or closed, and about the role of the paratubal 
musculature, continued up to the first part of the 20th century. In 1920 Rich5 convincingly 
showed in a physiological study on dogs, that the tube was closed at rest and opened 
intermittently by the contraction of the tensor veli palatini muscle (TVPM). To date we 
know that the ET and its associated structures form a complex organ which has an 
important protective function with respect to the middle ear cavity. Tt helps to protect the 
middle ear from secretions and micro-organisms ascending from the nasopharynx, it 
preserves pressure equilibration between the middle ear and nasopharynx and clears 
secretions and cellular debris from the middle earft. 
Anatomy 
Our present knowledge of the ET is mainly derived from studies on man7"10. In the adult, 
the length of the ET varies between 30 and 40 mm. The ET courses in an anteromedial 
direction from the middle ear to the nasopharynx. It is composed of a posterior osseous 
part (length about 10 mm) which lies in a nearly horizontal plane and an anterior 
collapsible membranocartilaginous part (length about 25 mm), which descends at an angle 
of about 40° in relation to the horizontal plane. In children the tube is shorter and follows 
a more horizontal plane than in adults8 l(). This is considered to be a predisposing factor for 
otitis media. The osseous part (the protympanum) is situated in the petrous portion of the 
temporal bone and is continuous with ihe anterior wall of the superior portion of the middle 
ear. The lumen is roughly triangular and becomes narrower in the anterior direction. In the 
isthmic area, which is the narrowest part of the ET, the osseous part connects to the 
cartilaginous part. The cartilaginous part extends into the osseous protympanum for some 
distance and is fitted to the sulcus tubarius at the basal aspect of the skull. The cartilaginous 
tube has a crook-shaped cross section. Cartilage covers the whole medial and superior wall 
and the superior part of the lateral wall. The remaining part of the lateral wall consists of 
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Fig. I. Schematic cross section of the meinhranocartilagiitous part of the ET showing 
crook-shaped cartilage 1С) and position of TVPM (dilator tulme) IT) and LVPM IL). 
The ET is closed in resting posilion. 
a thick fibrous sheet (Fig. 1). At rest, the lateral and medial walls of the cartilaginous part 
stick together forming a closed slit. 
The tube is lined by mucociliary epithelium which is continuous with that of the 
nasopharynx and the middle ear cavity1113. At the nasopharyngeal orifice and in the 
cartilaginous part there are many submucosal glands. It has been suggested that a 
substance that lowers the surface tension is secreted by the epithelial lining to facilitate 
tubal opening, but conclusive evidence is still lacking14 '6. 
Muscles 
Over the years, all the muscles with an anatomical relationship to the ET and the 
surrounding tissue have been proposed to be involved in opening or closing the tube. To 
date only three muscles are considered to be effective in tubal dilation, the tensor veli 
palatini muscle (TVPM)7·8·17"19, the levator veli palatini muscle (LVPM)18·20-24 and the 
salpingopharyngeus muscle (SPM)8·23. 
The TVPM is composed of two sub-bellies, the palatal muscle (the proper TVPM) and the 
dilator tubae. The palatal sub-belly originates mainly from the lateral osseous ridge of the 
sulcus tubarius. The fibres descend and course in an anterolateral direction parallel to the 
cartilaginous tube. They converge into a tendon which rounds the hamular process of the 
medial pterygoid lamina, and are inserted into the posterior border of the palatine bone and 
into the palatine aponeurosis of the anterior portion of the soft palate718·19. 
The fibers of the dilator tubae originate at the lateral wall of the ET, but there is no 
unanimity whether they are only attached into the tip of the lateral lamina of the cartilage, 
to the fibrous wall or to both structures. The fibres of the dilator tubae descend and blend 
with fibres of the palatal muscle817. 
The LVPM arises from the inferior aspect of the petrous apex and from the lower border 
of the medial lamina of the tubal cartilage. The muscle runs parallel to the lumen of the 
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ET, lying inferior to it throughout its course. The fibres fan out and insert into the dorsal 
part of the soft palate. According to most authors the LVPM is only connected to the ET 
by loosely textured connective tissue5·8·18·23-25. 
The SPM is a small muscle, but its size does vary. It originates from the inferior portion of 
the medial cartilaginous lamina by small strips of muscle and tendinous fibres. A 
proportion of these fibres insert into the pharyngeal wall58·23. 
Pressure regulation and gas exchange 
Tubal opening 
Most authors agree that the TVPM (dilator tubae) is the only muscle or the primary muscle 
that opens the ET by inferolateral displacement of the whole lateral wall or only part of 
it5·2225. Opening of the tube usually occurs during swallowing and yawning. However, the 
tube does not open every time when swallowing occurs. The precise role of the TVPM in 
coordinating soft palate and ET functions is still a matter of debate, while the role of the 
LVPM and SPM as accessory muscles in ET function and middle ear aeration remains 
controversial5·18·20·2224. In addition, it is still unknown' how and to what extent the ET 
opens to aerate the middle ear cavity under physiological conditions6·22. Positive pressures 
induced during flying or diving are reduced passively when the intratympanic pressure 
exceeds the collapsing force of the ET. Induced negative pressures can only be eliminated 
by active muscular opening of the tube, but at large negative pressures the tube can become 
locked and cannot be opened by muscular activity. This can lead to transudation and 
vascular rupture (barotrauma). These negative pressures can only be eliminated by the 
inflation of air from the nasopharynx into the middle ear. 
The ability to equalise negative pressures by swallowing is better in adults than in 
children26. This is considered to be one of the explanations for the high frequency of otitis 
media in childhood. Remarkably, some persons with healthy ears are apparently unable to 
eliminate negative pressures2728. 
Tubal closure 
Closure of the ET occurs by passive return of the tubal walls. The force of closure is 
determined by the elastic properties of the paratubal tissues, the hydrostatic pressure of the 
venous blood29-30 and the adhesive force of the mucous blanket covering the mucosal 
surfaces. So far, it has not been established whether the various paratubal muscles 
contribute to ET closure. 
Over the years the hydrops ex vacuo theory, usually associated with the names of Politzer4, 
Zaufall31 and Bezold32 have become a generally accepted explanation for middle ear gas 
exchange and pressure regulation. 
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This classical theory, also known as the transudation theory, states that the gas enclosed in 
the middle ear is continuously being absorbed Gas absorption is compensated by transient 
opening of the ET allowing air to now into the middle ear When this ventilation is 
insufficient, negative pressure develops, which leads to retraction of the tympanic 
membrane, mucosal oedema and transudation of fluid into the middle ear cavity 
The middle ear is a non-collapsible gas pocket In normal conditions, the gas pressure is 
maintained in equilibrium with the ambient pressure of 760 mm Hg by opening the tube 
As the sum of the partial pressures of the gases in the middle ear tissues and blood is 
approximately 710 mm Hg, there is a pressure difference of 50 mm Hg" 1 4 This pressure 
gradient will result in gas diffusion from the middle ear into the tissue If the ET does not 
open, theoretically a negative pressure of 50 mm Hg would finally be reached However, 
due to transudation, which interferes with decreasing pressure, the negative pressure 
reached would be limited10 
A large amount of evidence has been presented in favour of the hydrops ex vacuo theory 
Various animal studies have shown that occlusion of the ET by ligation and coagulation of 
the ET can lead to negative pressure and transudation14 1 8 However, the results of some 
experimental studies1940 and observations in man 4 1 4 1 performed during the past two 
decades have cast doubt on the ex vacuo theory as a complete explanation for middle ear 
pressure regulation 
It has been established that an obstructed tube does not necessarily lead to a negative 
pressure and that under certain circumstances even positive pressure develops41 4<i These 
facts together with the observation that changes in the partial pressures of blood gases 
influence the gas composition and the pressure in the middle ear 1 9 4 6 4 9 , indicate that gas 
exchange in the middle ear is a bidirectional process instead of a unidirectional one as is 
postulated by the ex vacuo theory This is supported by the fact that the gas composition in 
the middle ear resembles that in veins and tissues1114 ^0 S2 
So far, the exchange of gas across the middle ear mucosa and its role in normal pressure 
regulation of the middle ear is poorly understood 
Pathophysiology 
Dysfunction of the ET is generally recognized as an important etiological factor in middle 
ear disease*51,4 It includes both tubal obstruction and detective closure Tubal obstruction 
is characterised by the inability to equalize imposed pressure differences between the 
middle ear and nasopharynx Tubal obstruction leads to gas absorption resulting in the 
development of negative pressure and transudation of fluid 
Many suggestions have been made to explain the mechanisms underlying ET obstruction6 
Obstruction is assumed to be either functional or mechanical Functional obstruction could 
Π 
result from persistent collapse of the ET because of increased tubal compliance. 
impairment of active muscular opening or both. Mechanical obstruction can be due to 
intrinsic or extrinsic factors. 
Intrinsic mechanical obstruction may be the result of inflammation or polyps"0·^ " . Upper 
airway infections in children have been shown to decrease ET function54. Extrinsic 
mechanical obstruction of the ET may be caused by external compression by 
nasopharyngeal tumours or adenoids. 
Except for extrinsic obstruction, the anatomical features of the various forms of 
dysfunction are still a matter of debate. 
Defective closure of the ET is considered as a second important factor in the pathogenesis 
of otitis media when it is associated with habitual sniffing58"6". However, the cause of 
defective tubal closure is still unknown. Sniffing causes negative pressure in the 
nasopharynx, creating a pressure gradient between the middle ear and nasopharynx. The 
pressure gradient forces the tube to open when closure is defective and the middle ear is 
evacuated. If a subject is suffering from an upper respiratory tract infection (URI) this 
condition is assumed to constitute an important pathogenetic factor in the development of 
otitis media. 
Purpose of the study 
Our present knowledge of the anatomy and (patho)physiology of the ET mainly originates 
from studies on man. Such studies have their limitations for both morphological and 
physiological reasons. This explains why fine structural studies are lacking and physiology 
has mainly been studied by indirect methods. Experimental animals can be helpful to 
improve our insight into ET anatomy and (patho)physiology. However, they have only 
rarely been used and detailed studies on ET anatomy and the interrelationship between the 
ET and paratubal structures are lacking, while physiological studies have been performed 
using the same indirect measuring methods as in man. 
The aim of this study was to explore the rat as a model for the study of ET anatomy and 
(patho)physiology. The first aim of this study was to give a detailed description of the 
anatomy of the ET of the rat with special attention for the mucosal lining and the 
musculature. This was followed by a study of the development of the ET in relation to the 
development of the middle ear cleft. 
The next aim was to study the behaviour of the mucosal lining of the ET under pathological 
conditions. 
Finally an attempt was made to clarify the role of the ET and that of gas exchange in the 
pressure regulation in the middle ear. 
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CHAPTER 1 
THE MUCOSAL LINING OF THE EUSTACHIAN TUBE 
OF THE RAT 
J.J.S. Mulder and W. Kuijpers 
Part of this paper has been published in 
Acta Otolaryngol 1991: 111: 342-348 
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ABSTRACT 
This report deals with a detailed light and scanning electronmicroscopical study of the 
mucosal lining of the eustachian tube (ET) of the rat The tube consists of a 
membranocartilaginous part which is cranially supported by cartilage and a 
bonycartilaginous part which is completely supported by bone and cartilage The epithelial 
lining is composed of pseudostratified ciliated epithelium and squamous epithelium both 
arranged in coherent fields, extending from middle ear cavity to nasopharynx The ciliated 
epithelium is continuous with the tracts of ciliated epithelium in the middle ear and 
provides morphological evidence for the existence of a mucociliary transport system for 
clearance of the middle ear cavity. The cranial part of the tube is lined by squamous 
epithelium, showing locally largely varying features This part of the tube is suggested to 
be involved in facilitating the passage of air. The observations made on the secretory 
elements refer to a different function of goblet cells and the subepithelial compound glands 
m ET physiology 
INTRODUCTION 
The ET has an important protective function with respect to the middle ear cavity It 
protects the middle ear from ascending secretions and microorganisms from the 
nasopharynx, it preserves pressure equilibration between the middle ear and nasopharynx 
and allows the clearance of secretions and cellular debris from the middle ear cavity into 
the nasopharynx1 In addition to the tubal muscles which are involved in opening the tube, 
the mucosal lining is also assumed to play a crucial role in fulfilling this protective 
function'. 
In man the epithelial lining of the ET is generally reported to consist ot respiratory 
epithelium extending from nasopharynx to the tympanic orifice The subepithelial 
connective tissue contains many blood and lymph capillaries, scattered lymphocytes and 
macrophages and subepithelial glands of the mixed type, which open into the lumen of the 
tube23. 
Although animal models have been used for studying ET (patho)physiology and its role in 
the pathogenesis of otitis media, remarkably little attention has been paid to the tubal 
mucosa456. Moreover, the available data show partially conflicting data789 
In the present study a detailed analysis was made of the mucosal lining of the ET of the rat 
with the use of lightmicroscopy and scanning electronmicroscopy This animal has proved 
to be a suitable model for the study of otitis media6 l0 
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MATERIAL AND METHODS 
Twenty Wistar rats (body weight 100-150 g) with healthy middle ears as decided by 
otoscopy, were used for this study. The animals were killed by an intracardial injection of 
Nembutal and thereafter decapitated. A tissue block containing the ET and the adjacent 
parts of the nasopharynx and middle ear cavity was dissected and fixed either in phosphate 
buffered (0.1 M, pH 7.4) glutaraldehyde (2%) for scanning electron microscopy (SEM) or 
phosphate buffered formaldehyde (4%) for light microscopy (LM) for 48 hours. For LM, 
the specimens were subsequently decalcified in EDTA (10%, pH 7.4) and after 
dehydration in ethanol embedded in glycol methacrylate (JB4). The specimens were 
sectioned serially (2μπι) either in a sagittal or coronal plane or along the long axis of the 
tube. Every fifth section was stained with toluidin blue. In addition, sections were stained 
with a combination of alcian blue and PAS for establishing the features of the secretory 
elements. For SEM the tissue blocks were rinsed in phosphate buffer (0.1 M; pH 7.4) after 
fixation for 24 hours. During this storage in buffer, the various segments of the tube were 
carefully opened under the operating microscope to expose the epithelial lining. 
Thereafter, the specimens were postfixed in phosphate buffered (0.1 M; pH 7.4) osmium 
tetroxide (1%) at room temperature for 1 hour, dehydrated in aceton and dried by the 
critical point procedure. The dried tissues were coated with gold and studied with the 
SEM11. 
RESULTS 
The ET of the rat runs in a laterocaudal direction from the nasopharynx to the middle ear. 
It can be divided into a anteromedial membranocartilaginous portion (length about 3 mm) 
and a laterocaudal bonycartilaginous portion (length about 1 mm) (Fig. 1). The small 
pharyngeal part of the membranocartilaginous portion is completely membranous, but the 
cranial portion of the remaining major part is framed by cartilage. The bonycartilaginous 
Ц$. 
Fig. 1. Micrograph of 
section along the 
longitudinal axis of the FT. 
gc: caudal gland; 
me: middle ear cavity; 
m: membranocartilaginous 
portion; n: nasopharynx; 
t: tympanic part. Toluidin 
blue. Bar represents 350fim. 
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Fig. 2. Sagittal sections showing 
changes of luminal cross sections 
and epithelial lining of the ET 
throughout its course from the 
middle ear to the nasopharynx 
(Α-E). (A) tympanic segment with 
tract of ciliated epithelium in the 
ventral wall. B: Formation of 
ventral extension of the lumen. 
CD: Different levels of the 
memhranocartilaginous segment. 
E: Section adjacent to 
nasopharyngeal orifice, 
gc: caudal gland: 
gv: rostroventral gland. 
Toluidin blue. 
Bars represent ΙϋΟμιη. 
portion, the tympanic part, is nearly completely surrounded by cartilage and framed by a 
projection of the temporal bone. 
In this part the lumen of the tube shows an approximately circular shape in cross section 
with a diameter of about 70()pm (Fig. 2A). The epithelial lining of the tympanic part is 
pseudostratified and consists of both squamous and ciliated epithelium interspersed with 
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Fig. 3. Scanning electronmicrographs of epithelial lining of tympanic segment of ET. A: Sunvy of tympanic orifice 
showing entrance of dorsal (d) and ventral (v) tracts of ciliated epithelium into the tympanic segment. B: Higher 
magnification of ciliated epithelium interspersed with secretory cells. CD: Squamous epithelium from different areas 
showing cells with flat and rounded luminiti surfaces. Bars represent in Α 300μιη, in В. С and D ΙΟμιιι. 
secretory cells (Figs 3, 4). At the tympanic orifice of the tube two distinct areas of ciliated 
epithelium are present (Fig. ЗА). These areas are part of tracts of ciliated epithelium 
coursing from different areas in the middle ear cavity towards the tympanic orifice: a 
ventral tract which courses from the epitympanic recess and from the round window niche 
to the orifice and a second tract which is situated in the cranial part of the middle ear. These 
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Fig. 4. Light micrographs of ventral ciliated tract (A) and different types of squamous epithelium (B. C) in the tympanic 
segment of the tube. The squamous epithelium in (B) is flat and shows only scattered basal cells. (C) shows regularly 
arranged pseudostratified squamous epithelium. Toluidin blue. Bars represent 25μηι in Α. ΙΟμηι in В and С 
tracts converge and fuse into a ventral tract at the medial end of the tympanic segment of 
the tube (Figs 2A, 4A). The remaining part of the tympanic segment is lined by squamous 
epithelium, which shows locally varying features (Figs 3C, D, 4B, C). There are areas with 
polygonal flat cells with distinct cell borders and cells with bulging surfaces. Microvilli are 
present on the luminal surfaces of the squamous cells, but their number largely varies at 
different sites. Although the main part of the epithelium is pseudostratified, at some sites, 
no or only scattered basal cells are present in the squamous epithelium. About 1 mm distant 
from the tympanic orifice, the lumen of the tympanic segment shows ventrally a slit like 
extension (Fig. 2A). Towards the nasopharynx the size of this extension increases in a 
caudal direction, resulting in an arched shape of the tube in cross section. Simultaneously, 
the cranial lumen which is framed by cartilage gradually becomes very narrow (Fig. 2A-
D). In the nasopharyngeal area, where the cartilage is absent and the tube changed into a 
flat structure, the cranial lumen widens again (Fig. 2E). 
The epithelial lining of the ventral slit consists of tall pseudostratified ciliated epithelium 
and a varying number of secretory cells. Secretory cells are very numerous in the caudal 
part of the extension (Figs 2C-E, 5F). The ciliated epithelium is continuous with the 
epithelium of the fused tract in the ventral part of the tympanic segment. The dorsal part 
of the lumen of the membranocartilaginous segment is completely lined by squamous 
epithelium (Fig. 5A-E). In the most lateral part of this segment the epithelial lining shows 
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Fig. 5. Light micrographs of epithelial 
lining of ET at different levels in 
membranocarlilaginous segment (cf 
Fig. 2) showing a gradual transition 
from pseudostratified squamous 
epithelium into multilayered non 
keratinising squamous epithelium in 
the dorsal part of the lube in the 
direction of the nasopharynx (Α-D). In 
the area of the nasopharyngeal orifice 
only a limited part of the dorsal lumen 
is lined by squamous epithelium (E). 
The ventral part of the tube is lined by 
tall pseudostratified ciliated epithelium 
with numerous secretory cells (F). 
Toluidin blue. Bars represent 25μιη. 
the same features as the squamous epithelium in the adjacent part of the tympanic segment 
(Figs 5A,B, 4C). Mediad the epithelium gradually changes from pseudostratified with 
mainly cells with a rounded luminal surface into a stratified non keratinising epithelium 
with elongated cells (Figs 6,7). The number of cell layers increases up to 7-8 (Fig. 5). The 
flat luminal surface of this epithelium shows either a smooth surface or a varying number 
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Fig. 6. Scanning eleclronmicrograph of transition of tympanic segment (t) into membranocartilaginoiis segment (m) 
showing areas lined by squamous (s) and ciliated epithelium (ci. Bar represents 30μιη. 
of microvilli. When the cartilage framing disappears, the area in the dorsal part occupied 
by stratified squamous epithelium becomes gradually smaller (Figs 2E, 5E). In the 
craniorostral part of the nasopharyngeal orifice no or only a very small area of stratified 
epithelium can be observed. The remaining part of the lumen is lined by ciliated 
epithelium. Apart from interindividual variations regarding to the number of secretory cells 
m$mt 
Fig. 7. Scanning electronmicrographs of squamous epithelium in the lateral (A) and medial part (B) of the 
membranocartilaginoiis segment showing a different luminal surface. Bars represent 7μιιι. 
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and the area occupied by squamous and ciliated epithelium, these findings did not 
fundamentally differ between the various animals studied. 
Ventrally from the nasopharyngeal opening, the epithelial lining of the nasopharyngeal 
wall shows longitudinal furrows extending to the nasopharyngeal hiatus (Fig. 8A). The 
epithelium is composed of areas of ciliated and nonciliated pseudostratified squamous 
cells (Fig. 8B). Dorsally from the nasopharyngeal orifice the epithelial lining is flat and is 
mainly composed of ciliated cells. 
The lamina propria of the ET consists of connective tissue of varying density. In the areas 
which are framed by cartilage there is only a thin layer of dense connective, which passes 
into the perichondrium (Fig. 5A-D). Outside these areas, the lamina propria shows a fairly 
Fig. 8. Scanning electronmicrographs of nasopharyngeal 
orifice of the lube (o). (A) Survey showing a furrowed 
epithelial lining (f) at the ventrocaudal side of the orifice. (B) 
Higher magnification of ventral wall of tubal orifice lined 
with ciliated and squamous epithelium. (C) Opening of 
excretory ducts of mucous glands in epithelium bordering the 
tubal orifice. Bars represent ΊΟΟμιη in A. 15pm in B. 60pm in C. 
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Fig. 9. Light micrographs of caudal seromucous tubal gland (A) and mucous gland (B) at the nasopharyngeal orifice. 
Alcian hlue-PAS. Bars represent ΙΟμιη 
•г . 
A ;:>Ι£κ^ 
Fig. 10. Light micrograph (A) of excretory duct of mixed tubal gland, which discharges secretory products on top of the 
mucociliary epithelium in the membranocartilaginous segment. (B) Same condition as in (A) seen with the scanning 
electronmicroscope. A: Toluidin blue. Bars represent 40μιη in А. 7цт in B. 
28 
thin layer of subepithelial connective tissue, which is more loosely textured and contains 
blood and lymph capillaries and scattered lymphocytes and mast cells. The rat tube has two 
glands: a large caudal gland which borders the whole craniocaudal wall of the 
membranocartilaginous segment and a smaller ventral gland which is situated at the 
ventrorostral wall of the medial part of the lube (Figs 1, 2E). In the cranial gland the 
glandular tissue is intermingled with fibres of the tubal musculature. The tubal glands are 
compound tubuloalveolar glands. The alveolar acini are composed of PAS-positive cells. 
The cells of the intralobular ducts and the excretory ducts show combined staining with 
alcian blue and PAS. (Fig. 9A). The excretory ducts of these mixed glands open into the 
part of the lumen, which is lined by ciliated epithelium (Fig. IOA, B). The secretions of 
these mixed glands were found to form a separate layer on top of the mucous blanket of 
the mucociliary system (Fig. IOA). Apart from these mixed glands, large mucous glands 
are present in the lamina propria of the nasopharyngeal orifice and the adjacent wall of the 
nasopharynx (Fig. 9B). The excretory ducts of these glands open in the epithelium 
bordering the tubal orifice on the ventral, dorsal and caudal side (Fig. 8C). 
DISCUSSION 
The present observations demonstrate that the gross anatomy of the rat ET does not differ 
fundamentally from that described in man and other mammalian species, although there 
are differences in the angle of its pathyi2"M. In man the tube is straight and a far larger part 
is framed by cartilage, which extends up to the nasopharyngeal orifice. 
The epithelial lining of the rat tube shows some remarkable differences in comparison with 
data reported on other species, including man. In rat the epithelial lining has apparently a 
more complex structure, comprising two different cell populations: a coherent area of 
pseudostratified ciliated epithelium interspersed with goblet cells and a comparable area of 
squamous epithelium which becomes stratified in the direction of the nasopharynx. 
The ciliated epithelium which was found to be continuous with the tracts of ciliated cells 
of the middle ear cavity, provides morphological evidence for the existence of a 
mucociliary transport which clears the middle ear cavity. This observation agrees with 
comparable observations made in man, where a connection has been reported between the 
ciliated tracts in the middle ear and the tubal lumen-11215. 
The presence of a coherent field of squamous epithelium extending from the nasopharynx 
up to the middle ear in the dorsal wall of the tube is quite an exceptional observation. This 
epithelium mainly lines the part of the ET lumen which is supported by cartilage and 
apparently does not collapse. This observation suggests that this part of the tube is involved 
in facilitating the passage of air. The peculiar distribution of epithelial cells deviates from 
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that reported in man and in other studies on the rat7 1 0. In man the ET is generally reported 
to be lined with respiratory epithelium, although some authors have mentioned the 
presence of islands of squamous epithelium and populations of secretory cells devoid of 
cilia. However, no further topographical specifications were given 1 2 1 1 · 1 6 1 7 . In a 
comparable study on the rat Daniel et al.10 reported that the ET is lined exclusively by 
ciliated epithelium, which passes abruptly into the epithelium of the middle ear. The 
epithelium of the middle ear was reported to consist of only squamous epithelium. Albiin 
et al.7 mentioned in addition to pseudostralified epithelium, the presence of non-
ciliated/non-secretory cells in the rat tube, but no further specifications were given. The 
differences with the present study are most likely due to the fact that these authors did not 
study serial sections. The presence of mixed glands agrees with the observations made in 
man and guinea pig3 1 2, but the arrangement of serous and mucous cells appears to be 
different. In the rat, the glands lack the typical serous demilunes. This phenomenon seems 
to be species dependent. The products of the secretory elements are assumed to be involved 
in facilitating the opening of the tube. It has been postulated that the existence of a surface 
active agent is on analogy with the surfactant in the lung. However, there is no consensus 
as to the origin and the chemical nature of such a substance18 Ι9·-°. The morphological 
observations made in the present study, suggest that if surface-active agents are present, 
they most likely originate from the subepithelial glands rather than from the goblet cell 
population. The function of the goblet cells must be assumed to be confined to the 
mucociliary system. 
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CHAPTER 2 
THE RAT EUSTACHIAN TUBE AND ITS MUSCULATURE 
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ABSTRACT 
The objective of this study was to e\aluate the anatomy ot the eustachian tube (ET) of the 
rat and the paiatubal musculatuie Microdissection and serial sections were used The tube 
consists ot collapsible membianous and membranocartilaginous segments and a non 
collapsible bony segment Tubal muscles are attached to the collapsible part, the 
salpingopharyngeus muscle (SPM) is well-developed and consists ot three distinct groups 
of muscle fibres, the tensoi veli palatini muscle (TVPM) consists of two functionally 
different groups ot fibres, but only one group assists in opening the ET Attachment of the 
fibres of the SPM and TVPM that are involved in tubal opening is confined to the dorsal 
portion of the ET This finding together with the earhei observation that this part is mainly 
lined by squamous epithelium strongly suggests that the dorsal part has a ventilatory 
function The ν enti al poition of the ET, which is lined by cihated/seci etory epithelium and 
lacks the attachment of muscle fibres that can dilate the lumen, is assumed to serve 
clearance The anatomical position of the levator veli palatini muscle (LVPM) suggests that 
this muscle conti ibutes to the piotective function of the ET These findings are discussed 
with regard to the situation in man 
Key words Rat eustachian tube musculature, ventilation, cleaiance 
INTRODUCTION 
To cope with the divcigent functions of ventilation, clearance and piotection of the middle 
ear, the ET is equipped with a specialised mucosa, vanous paratubal suppoiting structures 
and paratubal muscles' 
At present theie is no detailed concept on an anatomically-based mechanism of middle ear 
ventilation and drainage Although there is consensus on the general morphology of the 
ET ^ in man, contioversy exists on the fine structural ïelationships between paratubal 
muscles and cartilage and the tubal mucosa2468 The tensoi veli palatini is generally 
considered to be the primary dilator of the ET1910 in man, but there is a lack of 
understanding of the role of other paratubal muscles and the lelationship between middle 
ear ventilation and other pharyngeal activities2 "* " '6 
Studies on experimental animals can contribute to a belter understanding of ET physiology 
because of their bettei accessibility However, most attention has been focused on ET 
pathophysiology in relation to the development of otitis media Studies on experimental 
animals to define the normal anatomy and physiology of the ET have only been performed 
incidentally and the structuial relationships between the paratubal structures and the tube 
have not been adequately described^ l0 '7 '9 
Ì4 
In the present study on the rat the tubal musculature and its relationship with the 
membranous tube and the framing bone and cartilage were investigated using a combined 
approach of microdissection and histological techniques. This study is a continuation of an 
earlier study on the features of the epithelial lining of the tube in this animal20. The rat has 
been shown to be an appropriate model for studying otitis media with effusion induced by 
interfering with the paratubal musculature21·22. 
METHODS 
For this study 20 adult Wistar rats (b.w. 150 g) were used: 10 for microdissection and 10 
for light microscopy studies. All the animals were killed by an intracardial injection of 
pentobarbital and subsequently decapitated. 
For staged microdissection 5 fresh and 5 formaldehyde-fixed skulls were used. Dimensions 
were derived from the fresh specimens. Microdissection was performed by a dorsal and a 
ventral approach under the operating microscope at high magnification. To facilitate the 
identification of the different tissues during dissection, the exposed tissues were stained for 
a short time in a solution containing toluidin blue (0.7%), fuchsin (1.3%) and ethanol 
(30%). 
For light microscopy studies, a tissue specimen containing middle ear, ET and adjacent 
structures was dissected en bloc and fixed in phosphate buffered (0.1 M; pH 7.4) 
formaldehyde (4%) for 48 hours. After decalcification in EDTA (10%; pH 7.4) the 
specimens (n=20) were trimmed to an appropriate size, dehydrated in graded alcohols and 
embedded in paraffin or glycol methacrylate (GMA). Serial sections were made in coronal 
(n=8) or sagittal planes (n=8), or in a dorsoventral plane along the longitudinal axis of the 
tube (n=4). Paraffin sections (7μιτι) were either routinely stained with toluidin blue, or with 
Weigert's method for elastic fibres, or with Van Gieson's method for the simultaneous 
demonstration of collagen and elastic fibres. GMA sections (2μητ) were routinely stained 
with toluidin blue. 
RESULTS 
The rat ET is roughly a funnel-shaped structure with a collapsed widened part and a short 
stalk with an open lumen. In the histological sections, the collapsed part often showed an 
open lumen, but this was artificially induced by the tissue processing. The tube is 4 mm 
long (mean 4.0 mm, sd 0.14, n=5) and runs in a laterocaudal direction from the 
nasopharynx to the middle ear. The anatomical position of the tube in the skull is shown in 
Fig. 1. The straight rostral wall makes an angle of about 35 degrees with the sagittal plane. 
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Fig. I. Drawing of ventral aspect of the caudal part 
of the rat skull showing the anatomical position of the 
ET (dashed area), a: alisphenoid bone: 
b: basisphenoid bone; in: external meatus: 
o: occipital hone: p: pterygoid process; pb: palatal 
bone: pe: petrosal part of temporal bone: 
lb: tympanic purl of temporal bone: arrow: 
petrotympanic fissure 
The caudal wall is curved and the angle with the sagittal plane is more obtuse. The 
nasopharyngeal opening consists of a curved slit (mean length 2.5 mm, sd 0.11, n=6) 
which is situated in the lateral wall of the posterior part of the nasopharynx. The slit is 
normally closed except for the rostral part. The distance from the rostral border of the 
orifice to the posterior margin of the hard palate is about 4 mm. The distance from the 
caudal border to the nasopharyngeal hiatus is about 1.5 mm. The nasopharyngeal opening 
is situated at a lower level than the tympanal orifice (decline 15-20 degrees with respect to 
the plane of the palatum durum). The tympanal orifice is situated in the dorsomedial part 
of the tympanic part of the temporal bone. This bone together with the petrosal part forms 
the wall of the middle ear cavity (bulla). The middle ear is fairly loosely attached to the 
adjacent bones of the skull and a large fissure (petrotympanic fissure) is present between 
the bulla and the caudal rim of the alisphenoid (Fig. 1). Based on the shape of the lumen 
and the paratubal structures, different segments can be distinguished: a medial fully 
membranous pharyngeal part (mean length 1.3 mm, sd 0.11, n=7), an intermediate part 
(mean length 1.7 mm, sd 0.09, n=7) where the tube is framed to a varying extent by elastic 
cartilage and bone and a lateral or tympanic part (mean length 1.0 mm, sd 0.07, n=7) where 
the lumen is completely framed by bone and cartilage. 
The lumen in the tympanic segment, which is circular in cross section, is bordered dorsally 
by a caudolaterally-directed curved sulcus-like bony process, arising from the 
basisphenoid and bordered on the remaining sides by a rostromedially-directed process of 
the tympanic bone. Irregularly shaped cartilage is interposed between the mucosa and 
bone. At the tympanic orifice the cartilage borders only the rostral lumen, but mediad an 
increasing area of the lumen becomes framed and at the end of the tympanic segment the 
whole mucosa is framed by cartilage, except for a small area on the ventral side (Fig. 2A). 
The intermediate segment begins at the site where the tube develops a slit-like ventral 
extension through the gap in the cartilaginous ring (Fig. 2A). Towards the nasopharynx this 
extension further enlarges in a caudal direction, giving the tube a crescentic appearance 
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(Fig. 2B,C). Subsequently, this typical shape gradually disappears and the tube flattens 
(Fig. 2D-F). Initially the ventral extension is completely framed by the medial process of 
the tympanic bone (Fig. 2A,B), but towards the nasopharynx the bony process gradually 
grows smaller and the exposed ventral wall of the tube becomes supported by the musculus 
levator veli palatini and the musculus salpingopharyngeus (Fig. 2C-F). 
Fig. 2. Sagittal sections from lateral to medial showing cross sections of the ET lumen and paratubal structures (A-F). 
A: Transitional area between tympanic and intermediate segment showing beginning of ventral tubal extension. 
B.C.D: different areas of the intermediate segment showing changes of the shape of the lumen, position of framing 
cartilage and bone and paratubal muscles. E,F: membranous nasopharyngeal segment, b: basisphenoid bone; cl: capitis 
longus muscle; co: constrictor muscles; gc: caudal gland; gv: ventral gland; I; LVPM; p: pterygoid process; pm: 
pterygoid muscle; SI,S2,S3: SPM; t: TVPM; tp: tympanic bone process; tt; tendon ofTVPM. Arrow indicates posterior 
margin of palatal aponeurosis. Toluidin blue stain. Bars represent 500pm. 
The dorsorostral part of the lumen of the intermediate segment, which forms the 
continuation of the lumen of the tympanic segment, is surrounded by C-shaped cartilage 
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(Fig. 2B,C). The mucosa is tightly attached to the cartilage. Towards the nasopharynx the 
cartilage gradually decreases in size (Fig. 2D) and thereafter disappears (Fig. 2E,F). 
Simultaneously, the lumen narrows and the luminal cross section changes from a circular 
to a slit-like configuration. The dorsorostral aspect of the cartilage is framed by a curved 
extension of the basisphenoid bone (Fig. 2B-D). Caudally, the tube, including the caudal 
lamella of the cartilage, is bordered by a large seromucous gland and it further increases in 
size towards the nasopharynx (Fig. 2B-F). 
In the nasopharyngeal segment the tube is nearly flat and the rostral part is positioned more 
dorsally than the caudal part (Fig. 2E,F). The size increases from 1.5 mm (mean 1.5, sd 
0.09, n=5) at the transition between the intermediate and the nasopharyngeal segment to 
2.5 mm (mean 2.5, sd 0.11, n=6) at the nasopharyngeal orifice. Dense fibrous tissue 
attaches the rostral part of the tube to the lamina medialis of the pterygoid process, a 
continuation of the rostral rim of the basisphenoid sulcus. The lamina medialis connects 
rostrally with the palatal bone and shows a short caudally directed hamulus. The remaining 
part of this segment of the tube lacks any bony or cartilaginous framing (Fig. 2E,F). 
Muscles 
The anatomical position of the paratubal muscles and the main direction of the fibres are 
presented schematically in Figs 3 and 4. 
Fig. 3. Diagram of insertion and fibre direction of paratubal muscles. A: dorsal wall with fibres ofSPM (SI and S2). 
B: ventral wall with fibres ofLVPM (I) and SPM (S3). C: Direction of fibres ofTVPM (t) attached to tympanic bone (tb) 
and to rostral wall and framing bone of the tube, i, ρ and ty indicate approximate position of intermediate, pharyngeal 
and tympanic segment respectively, tt: tendon of TVPM. 
Fig. 4. Schematic drawing of paramedial section of the lateral 
wall of the nasopharynx and adjacent structures. This figure 
shows the position of the orifice of the ET and the course of the 
related paratubal muscles, ci: capitis longus muscle; 
со: constrictor muscles: e: epiglottis: I: LVPM; la: larynx; 
SI, S2, S3: SPM; sp: soft palate; arrow head: hard palate; 
arrow: palatal aponeurosis. 
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Salpingopharyngeus muscle (SPM) 
The SPM contains fibres that are inserted at different sites along the tube and run in diverse 
directions. Three subgroups, denominated as SI, S2 and S3, can be distinguished (Figs 3, 
4). Dorsally, a group of fibres (SI) arises from the caudal lamella of the C-shaped cartilage 
along nearly the whole length of the intermediate segment (Fig. ЗА). The fibres are 
attached to the ventral part of the cartilage by a tendon (Fig. 5A), which contains both 
Fig. 5. A: Coronal section of lateral pan of intermediate segment of the ET showing attachment of SPM (SI) at the 
posterior lamella of the cartilage. B.C: Dorso-ventral sections along the longitudinal axis of the rostral part of the tube. 
В shows attachment of fibres ofTVPM (t) to the tympanic bone (tb) and to the framing bone of the basisphenoid and the 
pterygoid process (p). С (slightly caudal from B) shows attachment to the rostral membranous wall and the pterygoid 
process (p). m: middle ear: n: nasopharynx; arrowhead indicates tendon ofTVPM rounding the pterygoid process and 
passing into the palatal aponeurosis (arrow). Toluidin blue stain. Bars represent ΙΟΟμηι in A and 500pm in В and С 
collagenous and elastic fibres (Fig. 6A). The cartilage also shows the presence of numerous 
elastic fibres (Fig. 6A). The muscle fibres course medially, directed slightly rostrally (Fig. 
2E-F) in a nearly horizontal plane through the caudal gland and are inserted into the raphe 
(Fig. 8), dense connective tissue at the skull base, rostrally from the pharyngeal constrictor 
muscles and the capitis longus muscle (Fig. 4). 
A second group of fibres (S2) originates from the dorsal wall of the pharyngeal segment 
(Fig. ЗА). The majority of these fibres originate from the rostral part of the wall. The fibres 
course between the acini of the gland in a mediocaudal direction. Close to the 
nasopharyngeal orifice the fibres converge and run caudad. They are inserted into the 
lateral pharyngeal wall ventrally from the constrictor muscles (Figs 2F, 4). 
The fibres of a third group (S3) mainly originate from the rostral area of the ventral wall 
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Fig. 6. Sections from different sites of the tube stained for elastin (A. B) and for elastin and collagen (C). A: Coronal 
section of the lateral part of the intermediate segment of the ET showing numerous elastic fibres in the tendinous insertion 
ofSPM (SI) into the caudal lamella of the cartilage. B: sagittal section through the nasopharyngeal segment at the orifice 
showing elastic fibres between the muscle fibres ofSPM (S2 and S3) and in their tendinous connection with the rostral 
part of the tube. C: Coronal section showing fibrous attachment ofLVPM (I) to the anterior lamella of the C-shaped 
cartilage (c) and the framing basisphenoid bone (b). gc: caudal gland; t: TVPM. Bars represent ІООцт in A and С and 
200μιη in B. 
of the pharyngeal segment (Figs 2D-F, 3B, 4, 7B,C). They run caudad for some distance 
and curve dorsally where they are inserted into the lateral pharyngeal wall caudal to the S2 
fibres (Fig. 2F). 
Staining for elastin revealed numerous elastic fibres in the lamina propria of the 
pharyngeal segment. They were also present between the muscle fibres of S2 and S3 
muscles, especially of S3, and in their fibrous connections with the rostral part of the tube 
(Fig. 6B). 
Tensor veli palatini muscle (TVPM) 
The TVPM is a fan-shaped muscle which is situated rostrally from the ET (Fig. 3C). Two 
groups of fibres can be distinguished. The first group which has no direct contact with the 
ET, constitutes the major part of the fibres. They are inserted into the rostromedial aspect 
of the tympanic process of the bulla, into the adjacent part of the dura of the petrotympanic 
fissure and along the entire rostral aspect of the basisphenoid sulcus and the rostral aspect 
of the pterygoid process (Figs 2A-E, 5B). Ventrally from these mainly bone-anchored 
fibres, a second group is inserted into the fibrous tissue at the tip of the rostral lamella of 
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Fig. 7. A.B.C: Details of sections shown in Fig. 2 CD,E demonstrating the relationship of the paratubal muscles to the 
tube at different sites. Note the difference in attachment of fibres of TVPM and LVPM shown at high magnification in D 
and E, respectively, b: basisphenoid bone; I: LVPM; p: pterygoid process; S2.S3: SPM; t: TVPM; tp: tympanic bone 
process; arrow: tendinous connection. Toluidin blue stain. Bars represent ΙΟΟμηι. 
the C-shaped cartilage and the rostral membranous wall of the intermediate segment of the 
tube (Figs 2B-D, 5C, 7A,B). The fibres are inserted into a thick layer of connective tissue 
by tendinous structures (Fig. 7D). In the membranous nasopharyngeal segment of the tube, 
where the rostral part of the tube is connected to the pterygoid process, no muscle fibres 
are attached to the tube (Fig. 2E). 
All the fibres of the TVPM fan out in a rostromedial direction and end in a tendon just 
dorsolateral to the free edge of the lamina medialis of the pterygoid process (Figs 2D,E, 
5B,C). The bone-anchored fibres are connected to the rostral part of the tendon while the 
fibres associated with the ET are connected to the caudal part. The tendon bends at right 
angles around the bursa of the pterygoid process and continues as the palatal aponeurosis, 
just below the dorsal epithelium of the soft palate (Fig. 5B,C) 
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The palatal aponeurosis which has branches in the glandular tissue, is attached rostrally to 
the posterior edge of the palatal bone and ends caudally at the site where the fibres of the 
musculus levator veli palatini enter the palate (Fig. 4). 
Tensor tympani muscle (TTM) 
The TTM is situated in a groove in the petrosal bone rostrally from the promontory and is 
connected to the medial process of the malleus by a tendon. It extends mediad in the sutura 
between the tympanic and the petrosal bone and is inserted into the meningeal tissue 
dorsally from the tympanic orifice of the ET Histologically, no muscular or tendinous 
continuity between the TTM and TVPM was found. 
Levator veli palatini muscle (LVPM) 
The LVPM is inserted by means of a tendon into the ventral tip of the rostral lamella of the 
C-shaped cartilage in the lateral part of the intermediate segment (Fig. 3B). The tendon 
contains both collagenous and elastic fibres (Fig. 6C). 
The LVPM runs in a medial slightly caudal direction along the ventral wall of the tube 
(Figs 2, 3B). The attachment of the LVPM to the ventral wall of the tube coincides with 
the disappearance of the tympanic process in this area (Fig. 2C). 
Close to the transition of the intermediate cartilaginous segment of the tube into the 
Fig. 8. Coronal section showing relation of the 
LVPM (I) to the ET and its insertion in the 
posterior part of the soft palate (sp). 
n: nasopharynx; pm: pterygoid muscle; 
r: raphe; SI.S2.S3: SPM; t: TVPM. 
Tohtidin blue stain. Bar represents 500μιη. 
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pharyngeal segment, the LVPM is attached along the entire ventral wall (Fig 2C) In 
contrast with the TVPM. the LVPM is separated Irom the epithelium by a very thin layer 
of connective tissue (Fig 7E) while there is thick perimysium between the LVPM and the 
TVPM (Figs 6C. 7A,B) At the transition into the membranous pharyngeal part, the LVPM 
becomes separated from the mucosa by muscle fibres of the S3 muscle (Figs 2D-F. 7B,C) 
Venlrally, the LVPM becomes bordered by fibres of the pterygoid muscle that originate 
from the caudal side of the pterygoid process and pterygoid hamulus (Figs 2E, 8) These 
fibres run posteriorly and blend with the S3 fibres, they are inserted into the lateral 
pharyngeal wall 
The LVPM runs in a mediocaudal direction dorsally from the caudal part ol the pterygoid 
hamulus It is inserted underneath the epithelium in the caudal part of the sott palate, 
caudal from the palatal aponeurosis (Figs 2F, 4, 8) Fibres trom both sides show slight 
interdigitation 
DISCUSSION 
The present study demonstrates that the rat ET is a very intricate structure Throughout its 
length there is considerable variation in the shape of the tube and its relationship with the 
paratubal structures The lumen of the tympanic part is permanently open This segment of 
the tube can be compared to the bony part of the tube in man 
The main part of the lumen in the intermediate and membranous pharyngeal segments is 
closed in the absence ot muscular activity Only the lateral part of the dorsal lumen in the 
intermediate segment and the rostral lumen near the nasopharyngeal orifice are 
permanently open 
The intermediale and pharyngeal segments together can be considered as analogous to the 
cartilaginous tube in man, although in man the paratubal cartilage is much more profuse 
and extends up to the nasopharyngeal orifice 
These segments in the rat show a complex pattern of muscle fibre attachment from the 
SPM, TVPM and LVPM 
The SPM is the most complicated muscle with three groups of fibres which are attached 
either to the intermediate cartilaginous segment or to the membranous pharyngeal segment 
Contraction of the (SI) fibres, which aie attached to the tip of the caudal lamella of the C-
shaped cartilage, moves the caudal wall by a hinge action in a medial direction, resulting 
in widening of the dorsal part of the lumen Due to the elastic properties of the cartilage 
and the elastic fibres in the tendon of the muscle, this part of the tube returns to its original 
position when the muscle relaxes The presence of this muscle is quite unique, because it 
appears to be the only paratubal muscle which functions independently from movements 
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of the sott palate or pharyngeal wall To our knowledge, the presence of a dilator muscle 
on the caudal side of the ET has not been described in other mammalian species 
Contraction of the S2 and S3 fibres, which are attached to the dorsal and ventral walls of 
the membranous paît of the tube and are inserted into the dorsolateral pharyngeal wall, 
results in dilation of this part of the lube The abundant elastic fibres close the tube after 
muscle relaxation The presence of the SPM has also been ieported by House17 and Albnn 
et al '8, but their data on the fibre distribution are controversial 
This situation in the rat differs from that in man, in man the SPM is only a small muscle 
with a variable extent1421 It originates in the inferior portion of the medial cartilaginous 
lamina A proportion of these fibres are inserted into the lateral pharyngeal wall This 
muscle has only been ascribed a minor role or no role at all in assisting with widening of 
the tubal orifice121 Probably, the difference from the rat tube is related to the fact that in 
man the pharyngeal part of the tube is supported by cartilage 
In the rat attachment of the TVPM and LVPM is confined to the intermediate part of the 
tube The TVPM comprises a single anatomical belly and all the fibres aie connected to 
the palatal aponeurosis However, there is functional compartmentahsation The majority 
of fibres which are attached to the paratubal bone only serve to tense the rostral soft palate 
Fibres that are inserted close to the tip of the rostral lamella of the C-shaped cartilage 
cannot be effective in tubal dilation by rostral displacement of the cartilage lamella, 
because this lamella is immobilised by its anchorage to the bone of the basisphenoid Only 
the contraction of fibres which are directly inserted into the fibrous tissue of the 
membranous wall will be effective in pulling the wall in a rostrovcntral direction in 
conjunction with tensing ol the soft palate 
The existence of two functional compartments has also been shown in man,2 , 6 the guinea 
pig19 and rhesus monkey10 '9 Although there is no unanimity on the mode of attachment 
and the site of insertion of the TVPM fibres in man, it is generally believed that contraction 
causes displacement of the lateial cartilaginous lamina which results in dilation of the 
lumen48 
The LVPM in the rat is attached directly to the ventral tubal wall in the intermediate 
segment Its tendinous connection to the tip of the rostral lamella of the cartilage and its 
insertion into the caudal part of the soft palate, suggests that muscle contraction will result 
in dorsal movement of the soft palate and elevation of the ventral wall of the tube, thus 
contributing to closure of the tube and its protective function In addition, contraction of 
the LVPM might stabilise the ventral wall when the TVPM pulls the rostral wall in a 
roslroventral direction 
In man the LVPM has about the same anatomical position as in the rat, the fibres are 
arranged in the same direction, but there is no unanimity about their attachment to the tube 
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or about the muscles role in tubal function2·4·710·21. The LVPM has been proposed to assist 
in tubal dilation by elevating the soft palate and raising the floor of the tube91·1·23, but 
according to others it may narrow the lumen or play a role in anchoring the posterior and 
middle parts of the inferolateral portion of the tube2·719. 
Our present observations show that the muscles of the tube are attached in a peculiar 
distribution pattern, which appears to be related to the different features of the epithelial 
lining observed in a previous study20. In that study we established that the dorsorostral 
portion was nearly completely lined by squamous epithelium, while the epithelial lining of 
the ventrocaudal portion consisted of ciliated/secretory epithelium. On the basis of these 
observations, spatial separation was postulated between the different functions of the 
tube20. The dorsal portion was suggested to serve ventilation, while the features of the 
remaining part were assumed to constitute a mucociliary clearance system. The exclusive 
attachment of the dilating muscles, SPM and TVPM, to the dorsal part of the tube strongly 
supports this assumption. Recently, Sando et al24, have proposed a similar hypothesis, 
based on the predominance of squamous epithelium in the roof portion of the tube in man 
and the site of insertion of the TVPM. 
The ventrocaudal part of the cartilaginous tube in the rat only shows the attachment of 
fibres of the LVPM, which cannot assist in dilation of the lumen. It remains to be seen 
whether contraction of this muscle facilitates clearance. 
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CHAPTER 3 
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ABSTRACT 
Objective To investigate the relationship between the anatomical maturation of the middle 
ear and that of the eustachian tube (ET) and paratubal muscles in the rat 
Design Wistar rats ranging from gestational 12 (dpc) to postnatal day 40 (dab) were used 
Methods Tissue specimens were examined with routine light microscopy and electron 
microscopy Epithelial differentiation was studied immunohistochemically with antibodies 
to different cytokeratins (Cks) 
Results The epithelial lining of the tubotympanum showed differentiation-related Ck 
expression throughout the whole developmental period The mucociliary epithelium 
reached mature features around birth A dorsal extension and its framing cartilage started 
forming around 5 dab This extension became lined by stratified non-ciliated epithelium 
and attained maturity around 10 dab concurrently with the attachment of the dilatory 
muscles This process was immediately followed by aeration of the middle ear cavity 
Conclusions The continuous expression of Cks demonstrates that the epithelial lining of 
the tubotympanum is only derived trom the embryonal endoderm Furthermore, this study 
demonstrates that the ET shows a two-stage postnatal development First, the mucociliary 
system matures, providing protection/clearance when the animal starts respiration and 
swallowing Subsequently, the dorsal part attains maturity The features of the epithelial 
lining of the dorsal part of the ET and the coincidence of the maturation of this part with 
the attachment of the dilating muscle fibres and the aeration of the middle eai indicates that 
this part provides ventilation These findings support our hypothesis that different parts of 
the ET serve different purposes clearance/protection and ventilation 
Key words Eustachian tube development, middle ear, epithelium, musculature, rat 
INTRODUCTION 
The main functions of the ET are ventilation, protection and clearance of the middle ear 
To serve these functions, the ET is lined by mucouliaiy epithelium and is provided with 
paratubal muscles' Although it is generally accepted that the tensor veli palatini is the 
primary dilator of the ET, the precise roles of the epithelial lining and the paratubal 
muscles in these different functions are still a matter of debate2 λ 
Developmental studies have contributed significantly to our understanding of the 
relationship between anatomical maturation of the middle ear structures and auditory 
function4 i 6 However, in these studies no attention has been paid to the relationship 
between the maturation of the middle ear structuies and that of the ET mucosa and 
accessory structures, including the paratubal muscles 
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In previous studies on the epithelium and musculature of the adult ET of the rat we 
established that the ET was not exclusively lined by mucociliary epithelium7·8. It appeared 
that only the ventral part was lined by mucociliary epithelium, while the dorsal part 
showed the presence of squamous epithelium. On the basis of the spatial distribution of the 
different epilhelia and the insertion of the dilating muscles in the dorsal part of the tube, a 
hypothesis was formulated concerning functional separation with respect to 
clearance/protection and ventilation. A similar hypothesis has recently been proposed for 
the ET in man9. 
The aim of the present developmental study was to investigate the relationship between the 
anatomical maturation of middle ear and the maturation of the epithelial lining of the ET 
and paralubal structures to further test this hypothesis. In addition to routine histological 
techniques and electronmicroscopy, the differentiation of epithelial cells was studied 
immunohistochemically with antibodies against various cytokeratin polypeptides (Cks). 
Cks arc intermediate filament proteins that are exclusively present in epithelial cells. The 
expression pattern of the 20 different subtypes depends on the type of epithelium, the stage 
of development and the stage of differentiation10·"·12. 
MATERIALS AND METHODS 
This study was performed on Wistar rats throughout a developmental period from 12 days 
post conception (dpc) up to 40 days after birth (dab). The day of the vaginal plug was 
considered as day 1. Fetuses (aged 12, 14, 16 and 18 dpc) were removed by Caesarian 
section and decapitated. Young rats of 1, 3, 5, 8, 10, 12, 15, 20 and 40 days were killed by 
decapitation. Four ears were used at each age for light microscopy and 
immunohistochemical studies. The whole head of the fetuses was processed, whereas a 
tissue specimen containing the middle ear, ET and adjacent structures was dissected from 
the young rats. For electron microscopy, small tissue specimens were dissected from 
animals of 18 dpc and older, containing various parts of the epithelial lining of the 
developing tubotympanum. 
Light microscopy 
For light microscopy the specimens were fixed in phosphate buffered (0.1 M; pH 7.4) 
glutaraldehyde (2.5%). After dehydration, the tissues were embedded in glycol 
methacrylate (GMA). All postnatal specimens were decalcified in EDTA (10%; pH 7.4) 
after fixation. Serial sections (2цт) were made in a coronal or a sagittal plane. Every 10th 
section was stained with toluidin blue. From 18 dpc onwards sections were also stained 
with alcian blue-PAS. 
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Electronmicroscopy 
The tissue was fixed in phosphate buffered (0.1 M; pH 7.4) glutaraldehyde (2.5%), 
decalcified in a solution containing phosphate buffer (0.1 M; pH 7.4) glutaraldehyde 
(1.25%) and EDTA (8%). After washing in phosphate buffer and postfixation in Os04 
(1%), the specimens were dehydrated and embedded in epon. 
Immunohistochemistry 
For immunohistochemistry the specimens were immediately frozen in liquid nitrogen. 
Specimens from animals of 8 dab and older were decalcified in a solution containing Tris-
hydrochloride buffer (0.1 M; pH 7.4), EDTA ( 10%) and polyvinylpyrrolidone (7.5%) prior 
to freezing. Cryostat sections (7μιη) were made in coronal and sagittal planes. Sections 
were placed on poly-L-lysine coated slides and processed for immunohistochemistry with 
a panel of antibodies to various Cks and to vimentin, according to the indirect 
immunoperoxidase technique as reported previously13. Ten different monoclonal 
antibodies (MAbs) against individual Cks were applied in this study and one against 
vimentin. The MAbs are characteristic of the various types of differentiation: E2 (Ck 8); 
Ckl8-2 (Ck 18); LP2K (Ck 19); RCK 105 (Ck 7) of simple epithelial cells; 1C7 (Ck 13) 
of stratification and 6B10 (Ck4) of stratification and pseudostratification; RCK 107 (Ck 
14) of basal cells and V9 of vimentin, the intermediate filament protein of mesenchymal 
tissues. For source and further specifications, see Vennix et al.13 
RESULTS 
Light/electronmicroscopy 
At 12 dpc, the first pharyngeal pouch consists of a small lateral extension of the pharynx, 
which is lined by endoderm. The lateral end of this extension is in close contact with the 
ectoderm of the first pharyngeal cleft, the primordium of the external ear canal (Fig. 1 A). 
At 14 dpc, the first pharyngeal pouch has transformed into a flattened tube, the tubotympanic 
recess. The recess is now separated from the primitive ear canal by a large mass of 
mesenchymal cells. 
By gestational day 16, the lateral part of the tubotympanic recess has expanded along the 
inner ear (Fig. IB). The recess is lined dorsally by flat one layered epithelium and ventrally 
the epithelium consists of several cell layers (Fig. ID). In the mesenchyme of the tympanal 
part, primordia of the ossicles can be distinguished (Fig. IB). 
At 18 dpc, the ET is clearly distinguishable from the primary middle ear cavity, by narrowing 
of the tubal part (Fig. 1С). The tubal part is lined by pseudostratified columnar epithelium 
(Fig. IF) and electronmicroscopy shows the presence of developing ciliated and secretory 
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Fig. I. Micrographs of developing tubolympanum at different gestational ages. 
A: Horizontal section at 12 dpc showing 1st pharyngeal pouch (pp) and first pharyngeal cleft (pc). Magnif. χ 160. 
В: Coronal section at 16 dpc showing tuhotympanic recess (tt). em: external meatus; i: inner ear; ma: primordium of 
malleus; p: pharynx. Magnif. χ 25. 
С: Coronal section at IS dpc showing division of tuhotympanic recess into middle ear cleft (m) and ET (e), i: inner ear; 
ρ: pharynx. Magnif. χ 25. 
D: Detail of epithelial lining of tuhotympanic recess (tt) at 16 dpc. Magnif. χ 380. 
E: Cross section of middle ear cavity at 18 dpc showing different types of epithelium. Arrow: developing mucociliary tract. 
Magnif. χ 95. 
F: Sagittal section showing cross section of the ET at 18 dpc lined with pseudostratified epithelium. I: levator veli palatini 
muscle: t: tensor veli palatini muscle; rostral: left margin: dorsal: top. Magnif. χ 95. 
All sections toluidin blue stain. 
cells. In the mesenchyme surrounding the pharyngeal part accumulations of myoblasts of the 
paratubal muscles can be distinguished (Fig. IF). The primary middle ear cavity has further 
expanded up to the area of the round window niche and consists of a flattened pouch (Fig. 
1С), which is lined by cuboidal and flat epithelium (Fig. IE). Developing ciliated and 
secretory cells can be distinguished in the presumptive ciliated tracts (Fig. IE). 
At 1 dab, the ET is funnel-shaped and still fully membranous. It is widest at the 
nasopharyngeal orifice (Fig. 2A) and gradually narrows laterally (Fig. 2B). The epithelial 
lining consists of mature ciliated epithelium and numerous secretory cells (Fig. 2A,B), 
showing secretory activity. On the caudal side of the ET, the large mixed gland has started 
to develop (Fig. 2A). 
In the area of the nasopharyngeal segment the various paratubal muscles can clearly be 
distinguished (Fig. 2A). The levator veli palatini muscle (LVPM) is situated ventrally from 
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the ET and its fibers insert into the caudal part of the soft palate. Muscle fibres of the 
medial bellies of the salpingopharyngeus muscle (SPM), s2 and s3, are attached to the 
dorsal and ventral wall of the ET, respectively (Fig. 2A) and course caudally to their 
insertion in the caudolateral wall of the nasopharynx. At this age fibres of the lateral belly 
(SI) of the SPM (Fig. 2A) insert into the raphe at the skull base, but they do not have 
contact with the ET The same applies for the fibres of the TVPM. They are connected with 
Fig. 2. Sagittal sections showing cross sections of the ET at different postnatal ages. 
A: Pharyngeal segment lined with mucociliary epithelium at 1 dab. g: tubal gland: I: levator veli palatini muscle; SI: lateral 
and S2 and S3 medial bellies of salpingopharyngeus muscle. Magnif. χ 95. 
В: Future intermediate membranocartilaginous segment lined with mucociliary epithelium at 1 dab. I: levator veli palatini 
muscle; t: tensor veli palatini muscle. Magnif. χ 45. 
С: Future intermediate membranocartilaginous segment showing formation of dorsal extension (d) at 5 dab. c: cartilage; 
g: gland; I: levator veli palatini muscle; SI: lateral belly of salpingopharyngeus muscle; t: tensor veli palatini muscle. 
Magnif. χ 45. 
D: Mature intermediate membranocartilaginous segment at 10 dab. c: cartilage: d: dorsal extension; g: gland; I: levator 
veli palatini muscle; SI: lateral belly of salpingopharyngeus muscle; t: tensor veli palatini muscle. Magnif. χ 45. 
E: Detail of epithelium of dorsal extension (d) in С showing irregularly arranged stratified epithelium. Magnif. χ 380. 
F: Attachment of lateral belly of salpingopharyngeus muscle (SI) to ventral tip of caudal lamella of с-shaped cartilage (c) 
at 10 dab (detail from D). d: dorsal extension: g: gland; Magnif. χ 190. 
All micrographs rostral: left margin; dorsal : top. Toluidin blue stain. 
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the palatal aponeurosis, but there is no contact with the ET (Fig. 2B). The primary middle 
ear cavity is still slit-like and is lined with flattened and low columnar epithelium. In the 
developing mucociliary tracts ciliated cells and secretory cells show the same mature 
features as in the ET and secretions are present in the lumen in this area. 
By postnatal day 5, the ET is lined by mucociliary epithelium (Fig. 2C), but the epithelium 
in the dorsal part reveals stratification (Fig. 2E) along its whole length. In the mesenchyme, 
bordering the dorsal wall of the future intermediate membranocartilaginous and the lateral 
osseous tympanic segment, the tubal cartilage has started to develop concurrently with 
dorsal extension of the lumen (Fig. 2C). The number of muscle fibers and their thickness 
and length has increased, but the TVPM and the lateral belly (S1 ) of the SPM did not have 
any contact with the ET (Fig. 2C). 
At this age, the mixed tubal gland shows an increased number of PAS-positive acini and 
excretory ducts, which are filled with secretions and open into the tubal lumen. 
In the middle ear, the mesenchyme which fills the main part of the middle ear cavity has 
changed into myxomatous vacuolated tissue with scattered fibroblasts and bundles of 
collagenous fibres. The ossicles and otic capsule reveal starting ossification. 
At 10 dab the intermediate segment of the ET, which shows a crescentic shape in cross 
section (Fig. 2D) due to the formation of the dorsal extension is dorsally framed by a C-
shaped cartilage. The lateral belly (SI) of the SPM has now become connected by a tendon 
to the tip of the caudal lamella of the cartilage (Fig. 2F). Also the TVPM shows its adult 
attachment. A minor number of the fibers insert into the fibrous tissue ventrally from the 
tip of the rostral lamella of the cartilage. The major part of the fibres are attached to the 
surrounding bone (Fig. 2D). 
The dorsal lumen is lined by stratified epithelium (Fig. 2F) which shows locally varying 
features. The main part consists of stratified squamous epithelium (Fig. ЗА), but areas with 
stratified cuboidal epithelium and stratified columnar epithelium with a superficial layer of 
columnar cells (Fig. 3B) are also observed. The luminal surface shows numerous microvilli 
?TT,- ^ ~"^^^.- Н В ^ Ш : ^ 'W -Aia * 
Fig. 3. Electronmicrographs of different types of squamous epithelium (A, B) lining the dorsal part of the ET at 15 dab. 
Magnif. χ 1500. 
C: High magnification of apical part of squamous epithelium showing microvilli (arrow) and secretory vesicles (asterisk). 
Magnif. χ 20.000. 
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and the apical part of the squamous cells bordering the lumen contains many secretory 
vesicles (Fig. 3C). 
The mixed gland has obtained its adult size and numerous excretory ducts open into the 
lumen of the ventral part. 
The myxomatous tissue, which obliterates the middle ear cavity (Fig. 4A) shows severe 
disintegration. In the external meatus, the skin is apposed to the epidermis of the tympanic 
membrane (Fig. 4A). At 12 dab, the middle ear has completely become aerated and the 
external meatus has opened. 
At 15 dab, the external ear canal and the middle ear cavity have attained adult features and 
the ossicular chain is fully ossified (Fig. 4B). In the ET the area occupied by stratified 
squamous epithelium and the number of cell layers has increased. 
Fig. 4. A: Survey of middle ear cavity (m) still filled with myxomatous tissue at 10 dab. The external meatus (em) starts to 
open, i: inner ear; ma: malleus. 
B: Idem at 15 dab. The myxomatous tissue has disappeared from the middle ear (m) and the external meatus (em) has 
opened, i: inner ear; ma: malleus. 
Both sections toluidin blue stain. Magnif. χ 20. 
During further development, the shape of the ET and the features of the epithelial lining 
do not change, but the size, especially of the ventral membranous part, further increase up 
to the end of the observation period of 40 days. 
Immunohistochemistry 
At 12 dpc, the epithelium of the first pharyngeal pouch and the pharynx show 
homogeneous staining with the simple epithelium related markers Ck 18-2 (Ckl8), E2 
(Ck8) and LP2K (Ckl9). This Ck profile is also found at 14 dpc, but at this age the simple 
epithelium related Ck 7 (RCK 105) and the stratification marker Ck 4 (6B10) are focally 
expressed at the future nasopharyngeal ostium. 
At 16 dpc, the expression of Cks 7 and 4 has further increased, whereas the basal cell 
marker RCK107 (Ck 14) shows heterogeneous expression. By gestational day 18, Ck 14 
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Fig. 5. Immunohistochemical staining of cross sections of the developing intermediate membranocartilaginous segment of 
the ET at different postnatal ages, showing changing Ck expression in epithelium during development of dorsal extension. 
A: Homogeneous expression of simple epithelium related Ck 19 (1.P2K) in mucociliary epithelium at I dab. 
B: Homogeneous expression of simple epithelium related Ck 19 (LP2K) in mucociliary epithelium of ventral part and in 
developing dorsal extension (d) at 5 dab. c: cartilage; g: gland. 
C: No expression of stratification marker Ck 13 (IC7) at 5 dab. c: cartilage; d: dorsal extension; g: gland. 
D: Homogeneous expression of simple epithelium related Ck 19 (LP2K) except for a small area of stratified squamous 
epithelium in the dorsal extension (d) at 10 dab. c; cartilage: g: gland. 
E: Suprabasal expression of stratification marker Ck 13 (IC7) in Ck 19-negative area in dorsal extension (d) (cf. D) at 
10 dab. c: cartilage: g: gland. 
F: Expression of basal cell marker Ck 14 (RCK 107) in basal cells of mucociliary epithelium in ventral part and in basal 
and suprabasal cells of stratified squamous epithelium of dorsal extension (d) at 15 dab. c: cartilage: g: gland. 
G: No expression of simple epithelium related Ck 19 (LP2K) in the main part of the dorsal extension id) at 15 dab. 
c: cartilage; g: gland. 
H: Exclusive suprabasal expression of stratification marker Ck 13 (1C7) in Ck 19-negative area of stratified squamous 
epithelium in dorsal extension (d) (cf'G) at 15 dab. c: cartilage: g: gland. 
I: Vimentin expression in ciliated epithelium of ventral part at 15 dab. g: gland. 
Magnif. AH χ 95; 1 χ 380. All micrographs rostral: left margin; dorsal: top. 
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is expressed in the whole basal cell layer The stratification marker 6B10 (Ck 4) is 
heterogeneously expressed in nearly the whole epithelial lining of both the ET and middle 
ear This expression pattern does not fundamentally change in the mucociliary epithelium 
in the ventral part ot the ET and in the ciliated tracts in the middle ear cavity up to maturity 
In the adult this epithelium shows homogeneous expression of Cks 8, 18 and 19, whereas 
Cks 7 and 4 are heterogeneously expressed Ck 14 is expressed in all basal cells The Ck 
profile of the flat squamous epithelium of the middle ear cavity does not significantly differ 
from that ot the mucociliary epithelium 
In the dorsal part of the ET, the Ck profile changes from 5 dab onwards concuirently with 
the differentiation into stratified epithelium A survey of the postnatal changes of the 
expression ot the simple epithelium related Ck 19 (LP2K) and the stratification marker Ck 
13 (1C7) in the intermediate segment is shown in Fig 5 By postnatal day 10, the 
stratification markers Ck И (1C7) (Fig 5E) and Ck 4 (6B10) are expressed suprabasally 
in the stratified squamous epithelium of the dorsal part, whereas the simple epithelium 
related markers Cks 7, 8, 18 and 19 (Fig 5D) are expressed to a varying extent in the 
stratified cuboidal and columnar epithelium 
At 15 dab, the area reacting with the stratification markers 1C7 (Ck 13) (Fig 5H) and 6B10 
(Ck 4) has increased The basal cell marker Ck 14 (RCK 107) is expressed in the basal cells 
and in nearly all suprabasal cells of these stratified epitheha (Fig 5F) This Ck profile does 
not change up to 40 dab 
During early development, expression of vimentin is only found in the mesenchyme, but 
from 18 dpc, vimentin expression becomes apparent in scattered cells of the epithelial 
lining of the tubotympanic recess During further maturation, the number of vimentin 
positive epithelial cells, identified as ciliated cells, increases from postnatal day 5 All 
ciliated cells in the ET and middle ear cavity react with the vimentin antibody (Fig SI) In 
the stratified epithelium of the dorsal part of the ET, vimentin-positive dendritic cells can 
occasionally be observed 
Throughout the whole developmental period, the Ck profile of the nasopharyngeal 
epithelium is similar to that of the mucociliary epithelium of the ET, but coexpression with 
vimentin is absent 
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DISCUSSION 
The present study demonstrates that the whole epithelial lining of the tubotympanum is 
derived from the endodermal lining of the first pharyngeal pouch and confirms the 
electronmicroscopic observations made by Hilding et al.14. Especially the expression of 
Cks throughout the entire developmental period provides conclusive evidence that the 
mesenchyme does not contribute to the epithelial lining, as was stated by Schwartzbart13 
and Marowitz and Porubsky16. 
During development, the epithelium shows a differentiation-related Ck expression. This 
expression pattern is in line with reports on comparable epithelia in other parts of the 
respiratory tract17, as well as with the general rules formulated for these epithelia1012. 
A remarkable observation is the coexpression of Cks and vimentin in ciliated cells in the 
adult mucociliary epithelium. This phenomenon has often been reported during the early 
development of several epithelia. However in these epithelia, vimentin expression 
disappears during final maturation18. Its appearance during the final maturation of the 
ciliated cells in the tubotympanum and its absence in the adjacent nasopharyngeal ciliated 
cells seem to refer to special properties of these cells in the tubotympanum. Such 
coexpression has also been reported in some columnar cells of the lung epithelium17, but 
its significance is unknown. 
The non-ciliated epithelium in the dorsal portion of the ET has similar features to those of 
non-keratinising squamous epithelium in the oesophagus regarding the expression of Cks 
4 and 13. However, in the ET, this epithelium shows expression of the basal cell Ck 14 in 
nearly all cell layers. This demonstrates that the synthesis of Ck 14 is not switched off 
when basal cells leave the basal cell layer and reflects a different differentiation pattern. 
Throughout development, the shape of the tube and the features of the epithelial lining 
undergo comprehensive changes. Comparison of sections prepared with routine histology 
and cryostat sections obtained from freshly frozen specimens reveal a conspicuous 
difference with respect to the shape of the tube and the size of the lumen. This 
demonstrates that tissue processing by routine embedding causes severe shrinkage which 
results in distortion of the anatomical proportions. Therefore, this method is not a reliable 
approach to study the patency of the ET. 
The final maturation of the epithelium of the ET shows two consecutive steps. Around 
birth, both ciliated cells and secretory cells have reached maturity. A few days later, acini 
of the developing tubal gland show secretory activity. A comparable observation has been 
made by Park et al.iy and Park and Lim20 in the murine ET In addition, these authors 
showed that the secretions contained the antibacterial substances lysozyme and lactoferrin. 
These observations strongly suggest that the mucociliary system is functioning. This 
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means that the protectee function, ι e providing protection against ascending secretions 
and micro-organisms from the nasopharynx, begins when the animal starts respiration and 
swallowing This protection is apparently independent of the functioning of the TVPM and 
lateral belly (SI) of the SPM, because these muscles do not have any contact with the tube 
at this time However, a possible involvement of the LVPM and the medial bellies (S2 and 
S3) of the SPM, which are attached to the pharyngeal segment can not be excluded 
The second step, which starts around 5 dab, is the development of the dorsal extension and 
its cartilaginous framing The lumen of the dorsal part becomes lined by squamous non-
cihated epithelium At 10 dab these structures have obtained adult anatomical features The 
SPM (SI) and TVPM, assumed to be the main dilatory muscles in the rats, are now 
attached to the ventral tip of caudal lamella of the С shaped cartilage and the dorsorostral 
membranous wall of the ET, respectively 
The character of the epithelial lining of the dorsal part of the ET and the coincidence of its 
maturation with the attachment of the dilatory muscles, immediately before the middle ear 
cavity becomes aerated seem to confirm our assumption that this part of the ET serves 
middle ear ventilation8 The present observations support our previous hypothesis that 
protection/clearance and ventilation are spatially separated8 
Based on the presence of non secretory epithelium in the dorsal part of the lumen and on 
the site of insertion of the TVPM, Sando et al y suggested the existence of a comparable 
spatial separation of these functions in man However, at present it is unknown whether the 
ET in man undergoes similar stages of development in utero 
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CHAPTER 4 
HISTOPATHOLOGY OF THE TUBOTYMPANUM 
DURING CHRONIC OTITIS MEDIA IN THE RAT 
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ABSTRACT 
Objective To investigate the histopathology of the eustachian tube (ET) and middle ear 
during chronic otitis media (COM) 
Design Both adult Wistar rats with infection of the upper airways (URI) and specific 
pathogen-free rats (SPF) were used 
Methods The right ear was obstructed by electrocautery of the nasopharyngeal segment of 
the ET The condition of both right and left middle ear was monitored by otoscopy 
Animals were killed from 1 day up to 12 months after obstruction and the tubotympanum 
was processed for light and elcctronmicroscope studies Bacterial cultunng was performed 
from the nasopharynx and middle car 
Results The ET of non-operated control URI rats showed bacterial colonisation, but this 
was absent in SPF rats All right obstructed URI ears developed COM within two days In 
the majority of these ears the tympanic membrane perforated during the first week Most 
of the perforations healed within three weeks, but a small number persisted The majority 
of the left URI ears also developed COM associated with tympanic membrane 
perforations, but the course was less severe than in the obstructed ears Light microscopy, 
only performed on the left tubotympanum, showed that inflammation of the tympanic 
segment and the adjacent part of the membranocartilaginous segment of the ET preceded 
the development of COM During persistent COM, these parts of the ET remained 
inflamed but the nasopharyngeal segment was less affected In the specimens in which 
COM had healed, the mucosa of the ET was normal The middle ear mucosa showed 
varying degrees of fibrosis, which was most pronounced at the tympanic orifice 
In the SPF animals ET obstruction resulted in persistent accumulation of a sterile 
transudate in the middle ear The left non-obstructed ear had transient accumulation of a 
sterile transudate during the first week 
Conclusions This study demonstrated that bacteria can colonise the ET during URI 
Obstruction of the right ear induced transient dysfunction of the ET in the left ear ET 
dysfunction triggered the bacteria that had colonised the ET into pathological behaviour 
and the development of COM Inflammation of the lateral part of the ET played a crucial 
role in the development and prolongation of COM COM was not an isolated disease, but 
was always associated with inflammation of the lateral part of the ET During COM, ET 
function must be seriously compromised, but it remained capable of draining inflammatory 
exudate from the middle ear Impaired ET function increased susceptibility to ascending 
infections 
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INTRODUCTION 
It is generally recognised that upper respiratory tract infection (URI) and ET dysfunction 
play an important role in the pathogenesis of otitis media. URI can affect the function of 
the ET. which may lead to negative pressure in the middle ear1·2. This condition is assumed 
to promote the entrance of pathogens from the nasopharynx into the middle ear and result 
in otitis media. At present, the pathophysiological features of ET dysfunction and their 
relationship with URI and otitis media are still a matter of debate. 
Several temporal bone studies have been performed in an attempt to establish the 
pathophysiological features of the ET during otitis media1"7. However, the large majority 
of the specimens originated from temporal bones, without a documented clinical history. 
Schuknecht and Kerr8 studied the osseous part of the ET of a large number of temporal 
bones. They observed that the ciliated epithelium remained intact to a large extent despite 
severe inflammation of the mucosa and submucosa, while ET function was assumed to be 
compromised by the thickened inflamed mucosa and mucous. After healing of the chronic 
inflammation the size of the lumen was reduced by fibrosis. Occasionally, there was 
complete occlusion by a fibrous membrane. They suggested that most of the pathological 
changes in the ET were secondary to middle ear infection. A similar suggestion has been 
made by Sade et al.910 These authors found that the ET was patent throughout its length in 
a scries of temporal bones from adults and from young children with otitis media. Only in 
temporal bones of children a significant decrease in the size of the lumen in the bony part 
was observed. This was ascribed to a mild inflammatory reaction in this area. The 
inflammation diminished gradually towards the pharyngeal portion". These studies reflect 
the major involvement of the osseous part of the ET in otitis media, but they are at variance 
with the observations made by Palva and Johnson4. In well-documented cases of otitis 
media, they did not find any inflammation in the mucous membrane in the preserved bony 
portion. They postulated that the cause of ET malfunction lay in the nasopharyngeal part 
of the tube. In a histopathological study on temporal bones, Zcchner7 concluded that 
granulation tissue close to the tympanic end of the ET, destruction of the mucosa, cysts or 
narrowing and tubal tonsils were reasons for ET dysfunction. 
These studies demonstrate that otitis media is associated with a large variety of lesions, but 
they only give an impression of the disease at a fixed point in time. 
Animal experiments seem more appropriate to study the pathophysiological features of the 
ET, but so far only the effect of influenza A virus has been studied. After inoculation of 
influenza A virus Giebink et al.12 observed a focal loss of ciliated cells in the 
nasopharyngeal part, whereas Park et al.13 observed equal pathology in both the 
nasopharyngeal and tympanic parts. 
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In this study, an animal model was used to monitor the histopathologic^ changes in both 
the middle ear and ET throughout the course of chronic otitis media in the presence of URI 
over a period of 12 months 
MATERIALS AND METHODS 
In this study two different groups ot Wistar îats (b w about 200 g) weie used One group 
(n=10) consisted ot specific pathogen fiee animals (SPF), which were raised and housed 
under special hygienic piecautions. The rats ot the second gioup (n=87) originated from a 
population which was contaminated with mycoplasma pulmonahs and frequently showed 
clinical symptoms of upper respiratory tract infection (URI) such as sneezing and 
rhinorhoea 
In 7 SPF and 84 URI animals the nasopharyngeal segment ot the ET was obstructed by 
electrocoagulation according to the method described by Van der Beek and Kuijpers14 All 
ears were otoscopically healthy at the time of obstruction The ETs ot 3 SPF and 3 URI 
animals were not obstructed, these animals served as controls The condition ot the middle 
ears of the operated animals was monitored at regular intervals by otoscopy in the SPF 
animals horn 1 day up to 1 month and in the URI animals from 1 day up to 12 months 
At regular intervals, a numbei of animals were killed by an intracaidial injection ot 
pentobarbital The experiments weie conducted accoiding to the guidelines on animal 
experimentation at the Ni]megen university 
For light microscopy (LM) a tissue block containing the middle eai and ET was dissected 
tiom the skull and fixed in phosphate buffered (0 IM, pH 7 4) formaldehyde (4%) for two 
days at4°C Thereafter the specimens weie decalcified in EDTA (lOÇf, pH 7 4) dehydrated 
by passage through a giaded series ot ethanol and embedded in glycol methacrylate 
Sections (2 μιτι) were made in the plane ot the long axis of the ET and stained with either 
toluidin blue oi alcian blue-PAS 
In addition to the LM studies, transmission electionmicroscopy was perfoimed on the 
epithelium of the ET For this procedure specimens were fixed by intravascular perfusion 
with phosphate buffered (0 1 M, pH 7 4) glutaraldehyde (2 57c) The ET was dissected and 
stored in the same fixative foi 24 hours at 4°C Subsequently the mucosa of the ET was 
dissected and postfixed with osmic tetroxide (1%) After dehydration in ethanol, tissues 
were embedded in epon Sections were contrasted with a saturated solution ot uranyl 
acetate and lead citrate and studied with a Philips EM 300 electron microscope 
Bacteriological studies were performed on the nasopharynx and middle ear Foi this 
purpose, a small hole was made in the bony wall ol the middle ear and a small amount of 
the middle ear content was taken with a needle and cultured on blood agar plates. Brewer 
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thioglycollate medium (Difco) and Heart Infusion broth (Difco). Swabs taken from the 
nasopharynx were cultured on the same media. 
RESULTS 
Otoscopy 
SPF animals 
The SPF animals with an obstructed ET on the right side showed bilateral retraction of the 
tympanic membrane and the accumulation of a small amount of a bright yellow fluid in the 
epitympanum after four days. Within 7-10 days, the fluid gradually disappeared from the 
non-obstructed left cars and all the ears became fully reaerated. In the obstructed cars the 
amount of fluid increased and il persisted throughout the observation peiiod of 1 month. 
In one ear otitis media was present at I month. 
URI animals 
The otoscopical observations made on both ears after obstruction of the right ET in the 
URI animals are summarised in Table 1 The development of otitis media was 
Tuhli I Olosiopn til obsei\ imam on the development und рюіопцачоп of ι In они ΟΙΙΙΙΊ ни dui m the 114ht und 
left с ui of LKI mts ttfiei obstiiiition of tilt iightetii 
S i i m e l i lolal 
time number 
1 d 
2 d 
4 d 
8 cl 
2 » 
1 w 
4 » 
8 v, 
1 111 
6 111 
12 m 
84 
74 
64 
54 
46 
18 
30 
26 
22 
18 
14 
Right eai 
(obstiuued) 
Otitis Otitis Oturlioej Оіоглоы 
iiumhLr 'f number r/r 
81 
74 
64 
54 
46 
18 
10 
26 
22 
18 
14 
У6 
100 
100 
KM) 
100 
100 
100 
100 
100 
100 
100 
1 
11 
42 
27 
17 
12 
6 
6 
1 
1 
1 
1 
10 
66 
50 
40 
12 
20 
28 
12 
10 
60 
Lell ear 
(non obstructed) 
OIHis Otitis OlnrhiH..! Olnrhoca 
number 4 numhir 4r 
17 
26 
15 
41 
18 
10 
22 
18 
14 
16 
14-
20 
15 
55 
81 
74 
78 
71 
69 
64 
84 
100 
0 
0 
1 
18 
6 
0 
0 
0 
0 
0 
0 
0 
0 
5 
15 
14 
0 
0 
0 
0 
0 
0 
Sacnficed 
(condition lett ears) 
Number Olilis Air 
lîllccl 
10 
10 
10 
8 
8 
8 
4 
4 
4 
4 
6 
6 
8 
8 
6 
8 
8 
4 
4 
4 
4 
6 
4 
2 
1 
1 
0 
0 
0 
0 
0 
0 
0 
~ From the 8 lell ears that weie siili normal aller 1 months 6 had developed С ОМ after 6 months and 2 alter 
12 months These ears were not included in the histological stud) 
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characterised by vascular injection of the tympanic membrane, loss of transparency and the 
accumulation of a purulent fluid in the middle ear This table shows that all the obstructed 
ears developed otitis media within two days This did not change up to an observation 
period of 12 months Otorhoea was observed in 30% of the ears after 2 days In 66% and 
50% of the ears, otorhoea was present after 4 and 8 days respectively Thereafter, otorhoea 
gradually decreased, but persisted in a proportion of the animals which survived for longer 
periods 
Otitis media had also developed in 83 % of the left non-obstructed after 8 days (Table 1) 
The condition of the left ears which were still healthy after two weeks did not change up 
to 3 months Thereafter, all ears became infected Spontaneous infection with increasing 
age was a frequent finding in the URI population In some of the left ears, a serum-like 
fluid was observed a few days after obstructing the right ear Otorhoea was first seen after 
4 days (57c) and a maximum percentage of 35% was reached after 8 days Thereafter the 
number ot ears with otorhoea decreased and in all of the ears which had an infective period 
of 3 weeks otorhoea had ceased and the tympanic membrane had also closed 
Culturing 
Cultunng of the middle ear content of 3 URI control animals did not show any bacterial 
growth Culturing of the content of the infected left ear of 8 randomly selected animals in 
the URI group at various intervals after ET obstruction demonstrated the presence of 
unclassified gram negative rods. Mycoplasma pulmonale, an unclassified Streptococcus 
Streptococcus vindans, Staphylococcus aureus, Staphylococcus albus, Proteus mirabilis 
and Pasleurella pneumotropica In 3 ears Moraxella sp and Escherichia coli were also 
present These micio-organisms could also be cultured from the nasopharynx of the 
operated and URI control animals 
Cultunng the middle ear content of the SPF animals with obstructed ears did not show 
bacterial growth 
Histology 
Control 
The epithelial lining of the ET of all the control animals consisted of mucociliary 
epithelium in the ventrocaudal part and of stratified squamous epithelium in the 
dorsorostral part In the lamina propria of the ET of the URI control animals, a varying 
number of lymphocytes were observed, but in the SPF control animals they were only 
rarely observed The middle ear epithelium was mainly lined by flat squamous 
epithelium and two distinct tracts of mucociliary epithelium which passed into the 
mucociliary epithelium of the ET Electronmicroscopy showed the presence of bacteria 
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attached to the apical cell membrane of the epithelium of the nasopharynx and the ET 
in the URI control animals (Fig. 1A) No bacteria were observed in the SPF control 
animals. 
ET obstruction 
Histological studies were only performed on the non-obstructed left ears. The right 
obstructed ears were used for a separate immunological study. 
The histopathology of the obstructed SPF and URI ears has been described in previous 
papers14,15. 
SPF ears 
Light microscopy of the left ear in the SPF animals showed the presence of a serum-like 
fluid in the cpitympanum and at the tympanic orifice (Fig. 2). The mucosa showed slight 
oedema locally and bulging of the epithelial cells. Except for some macrophages and a few 
scattered polymorphonuclear cells (PMNs), no inflammatory cells were observed. After 
two weeks the fluid had disappeared and the mucosa was normal. 
Left URI ears 
Light microscopy of the left URI ears infected for 1-2 days, revealed PMNs in the 
epithelial lining of the ET, mainly in the tympanic segment and in the adjacent part of the 
membranocartilaginous segment. Cilia were disarranged in this area. The lumen of the 
tympanic segment contained an inflammatory exudate. The lamina propria of the 
nasopharyngeal segment contained many lymphocytes, but the epithelium was generally 
unaffected. In the middle ear, inflammation was limited to the mucosa of the tympanic 
orifice, where the lamina propria showed oedema and local accumulation of lymphocytes. 
The mucosa of the remaining part of the middle ear cavity was normal. 
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Ears which had been infected for 4 days showed increased inflammation of the ET mucosa 
in the tympanic segment and in the adjacent part of the membranocartilaginous segment 
(Figs 3A,B; 4A). In these areas, the epithelial lining showed disintegration and 
desquamated cells were present in the inflammatory exudate in the lumen (Fig. 3B). Cilia 
were absent or anomalous. The epithelium of the nasopharyngeal segment was still normal 
(Fig. 4B). The middle ear lumen was filled to a varying extent by an inflammatory exudate 
(Fig. ЗА). The mucosa was heavily infiltrated by inflammatory cells and greatly thickened 
by oedema and fibrosis (Fig. 4C). At some sites, the epithelial lining was interrupted and 
fibroblast were passing into the lumen. At the tympanic orifice a polypous structure had 
formed (Fig. 4D). In this area there was a distinct accumulation of lymphocytes and blast-
type cells (Fig. 3B). This lymphoid tissue persisted throughout the course of the disease. 
The tympanic membrane showed local inflamed areas with oedema containing PMNs 
which separated the epidermal layer and the middle ear epithelium from the dense fibrous 
layer (Fig. 5A,B)- In one of the cars this layer was perforated. 
In all the ears which were infected for 8 days, the middle ear cavity and the lumen of the 
tube were completely filled with pus (Fig. 6A). Both the epithelium and the lamina propria 
of the ET (Fig. 6B.C), including the nasopharyngeal segment (Fig. 7) were highly 
inflamed. Cilia and secretory cells were almost completely absent (Fig. 6C,7). The mucosa 
of the middle ear was heavily infiltrated and thickened by fibrosis (Fig. 6A) and fibroblasts 
had migrated into the middle ear through epithelial defects (Fig. 6D). Fibrosis was most 
marked at the tympanic orifice, where polypous structures had formed (Fig. 6A). The areas 
adjacent to the tympanic membrane perforations showed multilayered migrating epidermis 
supported by fibroblasts (Fig. 8). 
The histopathology of the mucosa of the specimens infected for 2 weeks did not differ 
significantly from that of 1 week infection. The tympanic membrane perforations were 
smaller due to epidermal migration and proliferation (Fig. 9A.B) or were already closed 
by fusion of the epidermal layer (Fig. 9C), while the middle ear was still filled by 
inflammatory exudate. 
In the specimens infected for 3 and 4 weeks, the inflammatory process was generally less 
active. The middle ear mucosa was still infiltrated by inflammatory cells, but the epithelial 
lining was intact. All tympanic membrane perforations had healed. The membrane was 
composed of multilayered epidermis and a thick layer of connective tissue. The mucosa of 
the ET showed varying degrees of inflammation. Cilia were absent in all specimens. 
During prolonged inflammation, the histopathological features of the ears did not change 
fundamentally and no time dependency could be established. The thickened mucosa of the 
middle ear was highly inflamed in the majority of ears (Figs 10,11). Defects in the 
epithelial lining of the middle ear and proliferation of fibroblasts into the lumen were 
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present in about half of the specimens The lumen was filled with pus extending into the 
ET Fibrosis was most extensive in the anterolateral part (Figs 10A, IIA) In two ears with 
an infection period of 6 months, fibrosis had greatly narrowed the tympanic orifice leaving 
only a small passage between the middle ear and ET (Fig 12) Inflammation of the ET was 
mainly confined to the mucosa of the tympanic and the membranocartilaginous segments 
Cilia were absent (Figs 10B, 1 IB) οι defective and bacteria were attached to the epithelial 
cells (Fig IB) Numerous inflammatory cells were present in the lamina propria and they 
were often found in the tubal glands and between the muscle fibres of the tubal muscles 
(Fig IIB) 
The nasopharyngeal segment was usually less allected, but the epithelial lining was devoid 
of secretory cells and cilia were only occasionally present All eats showed an open 
connection between the middle ear and nasophaiynx In two ears with an infection period 
of 3 and 6 months, the lumen of the membranocartilaginous segment showed globular 
dilatations associated with compression of the epithelium (Fig 13A B) 
Thiee specimens revealed a middle ear cavity without inflammatory exudate after 2 2 and 
λ months, respectively In two ears the fibrotic middle ear mucosa including the tympanic 
membrane appeared to have healed and was free from inflammatory cells (Figs 14A, 
И А В ) The lamina propria of the tympanic membranes which had been perforated during 
the first week consisted of a thick fibrous layer (Fig 15A) This was the reason that healing 
could not be established by otoscopy Circumscribed lymphoid tissue composed of 
lymphocytes, plasma cells and blast type cells was present at the tympanic orifice (Fig 
14B, C) The epithelium of the ET was lined by ciliated cells (Fig 15C) Lymphocytes 
were present in the lamina propria while in the deeper layers accumulations of 
lymphocytes and plasma cells were found (Fig 15C) In the third ear only the mucosa in 
the anterolateial part of the middle ear mucosa was still inflamed Also the mucosa of the 
ET showed a moderate grade of inflammation Ciliated cells were limited to the 
nasopharyngeal segment 
Light microscopy findings in the mucosa of the tubotympanum of the ears which were 
otoscopically normal during the first week, did not differ from those in the control 
specimens, but in some of the ears scattered inflammatory cells were observed in the 
tympanic segment 
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Fig. 2. Micrographs of left ear 
qfSPF animal 4 clays after 
electrocautery of the right ear. 
A: Survey showing 
accumulation of a serum-like 
fluid in the epitympanum 
(arrow) and in the tympanal 
segment (t) of the ET. 
e: external meatus, i: inner ear. 
in: muidle ear cavity. 
n: nasopharynx. 
ns: nasopharyngeal segment. 
tin: tympanic membrane. 
R: Higher magnification of 
tympanal segment (t) and of 
lateral part of 
meinbranocarlilaginous segment 
(mc) showing normal epithelial 
lining. Toluiclin blue. A χ 15: 
в χ m 
Fig. 3. Micrographs of left 
ear of URI animal infected 
for 4 days. A: Survey 
showing purulent exudate 
in the middle ear Im) and 
polyp formation (p) at the 
tympanic orifice, 
e: external meatus, i: inner 
ear. mc: membrano-
cartilaginous segment, 
ns: nasopharyngeal 
segment, t: tympanal 
segment, tin: tympanic 
membrane. 
B: Higher magnification 
showing local epithelial 
désintégration in the 
tympanal It) and 
meinbranocarlilaginous 
(mc) segments of the ET. 
Arrowhead: accumulation 
of hmphoid cells. Toluidin 
blue. A χ 15: Β χ 45. 
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Fig. 4. Higher magnifications of epithelium of specimen in Fig. 3. A: Inflamed squamous epithelium in the 
membranocartilaginous segment of the ET. В: Mucociliary epithelium of nasopharyngeal segment with intact cilia. Note 
inflammatory cells in lamina propria. C: Inflamed middle ear mucosa showing oedema. D: Polyp formation at tympanic 
orifice, t: tympanal segment. Toluidin blue. А, В, С χ 3K0; D χ 90. 
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fig. 5. Micrograph of left URI ear infected for 4 days. A: Survey local inflammation of the tympanic membrane (arrow), 
e: external meatus, m: middle ear. И: Higher magnification of this area shows inflammatory exudate separating original 
epidermis and middle ear epithelium from dense fibrous layer (arrow head). On the left side newly formed hyperplastic 
epithelium. Toluidin blue. A χ 30: Β χ 380. 
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Fig. 6. Micrographs of left ear 
of URI animal infected for 8 
days. A: Survey showing middle 
ear (m) and ET lumen filled 
with purulent exudate. Note 
fibrosis of middle ear mucosa 
and polyp formation (arrow) at 
tympanic orifice, i: inner ear, 
mc: membranocartilaginous 
segment, ns: nasopharyngeal 
segment, t: tympanal segment, 
tm: tympanic membrane 
B: Higher magnification of ET 
showing highly inflamed 
mucosa. 
mc: membranocartilaginous 
segment, t: tympanal segment. 
C: Detail of squamous and 
mucociliary epithelium of 
membranocartilaginous 
segment. Note severe 
inflammation and loss of cilia. 
D: Detail of tympanic 
membrane with interrupted 
epithelial lining (arrow) and 
fibroblasts proliferating into the 
middle ear cleft (m). e: external 
meatus. Toluidin blue. A: χ 15: 
Β χ 45: С χ 380; D χ 190. 
15 
Fig. 7. Higher magnification of nasopharyngeal orifice of ET from specimen in Fig. 6 showing inflammation 
of mucosal lining in nasopharyngeal segment (ns). Cilia and secretory cells are absent in epithelium of 
nasopharyngeal segment, but are present in nasopharyngeal epithelium (n). Tolti ¡din blue, χ 190. 
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Fig. 8. Tympanic membrane perforation in left URI ear infected for ti days and atorhoea for 5 days. 
A: Survey, e: external meatus, m: middle ear. В and C: Higher magnification of perforation edges showing 
migrating epithelium supported by fibroblasts (f) on the middle ear side. Arrow head: remnant of original 
dense fibrous layer. Toluidin blue. Α χ 45; В, С χ ISO. 
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Fig. 9. Tympanic membrane perforations in left URI ears. A: Infected for 14 days und olorhoea for 6 days, 
p: perforation, e: external meatus, m: middle ear, i: inner ear. B: Higher magnification of left perforation edge showing 
migrating hyperplastic epithelium. C: Infected for 14 days and otorhoea for 9 days. The epidermal layer has closed the 
defect. Toluidin blue. A χ 45; Β χ 380: С χ 90. 
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F/g. /0. Micrograph of left URI ear infected for 3 months. A: Survey. The middle ear cavity (m) is filled with pus and 
shows fibrosis (f) in the anterolateral part, e: external meatus, mc: membranocartilaginous segment of the ET 
ns: nasopharyngeal segment, t: tympanal segment. B: Higher magnification of inflamed mucosa of the 
membranocartilaginous segment. Epithelium is devoid of cilia. Tolttidin blue. A χ 30; В л 380. 
19 
Fig. II. Micrographs of left URI ear infected for 6 months. A: Survey. The middle ear cavity Im) is filled with pus and 
shows fibrosis If) especially in the anterolateral part, e: external meatus, t: Tympanal segment, 
mc: membranocarlilaginous segment, ns: nasopharyngeal segment of ET В: Higher magnification of mucosa of MC 
segment showing heavy inflammation of mucosa. Note presence of inflammatory cells between the muscle fibres. 
Toluidin blue. A χ 15; Β χ 180. 
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Fig. 12. Micrograph of left URI ear infected for 6 months showing middle ear cavity filled with pits and fibrosis of the 
middle ear mucosa. In this section fibrosis seems to occlude the tympanic orifice, hut adjacent sections showed that the 
orifice was only largely narrowed, t: tympanal segment of ET. тс: membranocartilaginous segment, ns: nasopharyngeal 
segment. Toluidin blue, χ 45. 
SI 
·> Aal 
F/g. /.?. Micrograph of ET of left 
URI ear infected for 3 months. 
A: Survey shows dilations of the 
lumen of the membranocartilaginous 
segment (mc) of the ET filled with 
pus. ns: nasopharyngeal segment, 
t: tympanal segment. B: Higher 
magnification of MC segment shows 
inflamed mucosa. Epithelium is 
devoid of cilia and compressed at the 
globular dilation. Toluidin blue. 
A χ 45: Β χ 380. 
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Fig. 14. Micrographs of left URI ear, otoscopically 'infected' for 3 months. Microscopical survey in (A) shows middle ear 
(m) cleared from inflammatory exudate. Note thickened tympanic membrane (tin) and middle ear mucosa, e: external 
meatus, i: inner ear, mc: membranocartilaginous segment, t: tympanal segment with mucus and cellular debris. 
B; Higher magnification of tympanic orifice showing lymphoid tissue. C: Detail of lymphoid tissue showing lymphocytes 
and blast-type cells. Toluidin blue. A χ 15; Β χ 90; С χ 380. 
83 
-% Ά *~ "**" 4 Ν . ^; + ν 
' - - .-« 
ч 
«* ^ ^ ^ - Ф ; ^ , Ч Р Г Н » 
^ p w · * 
. 9 - j » t » І ' Л 5 * А - « ' l e e m ^ · " 
A В 
'S» -"*-ц*- - ~ - « Н « Ч Я І 
F/g. 15. Details from specimen in Fig. 14A. 
A: Tympanic membrane with largely thickened lamina 
propria. 
ep: epidermis. B: Thickened middle ear mucosa with 
newly formed epithelial lining (me). Arrows indicate 
cysts originating from original epithelium. 
C: Higher magnification of membranocartilaginous 
segment showing normal ciliated epithelium. 
Accumulations of mononuclear cells are present in 
deeper layer of lamina propria. Toluidin blue. 
Ax 380: B. С χ 190. 
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DISCUSSION 
This study demonstrated that experimental obstruction of the ET in URI rats always 
resulted in the development of chronic otitis media. In the absence of pathogens (SPF rats) 
ET blockade resulted in the persistent accumulation of transudate in the middle ear. These 
findings are in agreement with previous studies on germ-free rats and rats raised without 
special hygienic precautions14 h and support the assumption that URI and ET obstruction 
are important etiological factors in the development of chronic otitis media (COM)'2. The 
reason for the relationship between URI, ET obstruction and COM is still unknown, but it 
is generally recognised that URI is associated with poorer tubal function in children'2. In 
addition bacterial studies have shown that there is a close relationship between the 
colonisation and attachment of middle ear pathogens to the epithelium of the nasopharynx 
and otitis media16. 
The present study demonstrated that during URI, bacteria can also colonise the ET. This 
implies that when the clearance pathway is blocked by coagulation of the nasopharyngeal 
segment of the ET, a closed cavity is created. This condition stimulated the pathogens into 
pathological behaviour. 
Experimental studies on the effect of obstruction of the ET have significantly contributed 
to our insight into the histopathological changes in the middle ear during COM14 '5, but 
this approach is unsuitable for the study of the histopathology of the ET, because the 
nasopharyngeal segment is destroyed. 
The present study revealed that coagulation of the right ET triggered the development of 
COM in the contralateral non-obstructed ear. This provided the opportunity to study the 
histopathological changes in the ET and middle ear from the early stages of COM up to an 
observation period ol twelve months in the presence of URI. We may assume that ET 
obstruction induces transient dysfunction of the contralateral ET, because there is only a 
small distance between the site of coagulation and the left ET, but the cause of dysfunction 
could not be established with the techniques used. Support for this assumption can be 
derived from the transient accumulation of a serum-like transudate in the non-obstructed 
ears in the SPF animals. This was also found during the first few days in the obstructed ear 
and in a comparable study on germ-free animals14. This transient disturbance of ET 
function apparently stimulated the pathogens which had colonised the ET into pathological 
behaviour resulting in COM. 
In comparison with the obstructed right ear, the development of COM in the left eai was less 
rapid and a smaller percentage of ears became infected. In addition, the clinical course was 
less severe as can be derived from the smaller percentage of ears which developed tympanic 
membrane perforations and the observation that all perforations healed within four weeks. 
85 
Light microscopy showed that inflammation of the tympanic segment and the adjacent part 
of the membranocartilaginous segment precedes inflammation of the middle ear mucosa, 
which started at the tympanic orifice. Thereafter the middle ear showed progressive 
inflammation and perforation of the tympanic membrane. After closure of the perforations. 
COM showed a protracted course. This was always associated with inflammation of the 
ET. especially in the tympanic and the membranocartilaginous segments. The 
nasopharyngeal segment was less affected. In two ears in which COM had healed, the ET 
had also healed. These observations show that there is an intimate relationship between 
COM and inflammation of the ET. 
The histopathological features of the ET during COM, characterised by loss of cilia, 
disintegration of the epithelium and decreased secretory activity, demonstrated that 
clearance is severely disturbed. This will lead to increased susceptibility to ascending 
infections and can be considered as an important cause of the development and 
prolongation of COM during URI. 
Narrowing or obstruction of the lumen of the ET has frequently been related to middle ear 
disease. The present study demonstrated that the size of the lumen of the ET differed 
greatly between specimens, but this cannot be used as a criterion for tubal passage. In a 
previous study17 we established that routine histology is not a reliable method to assess the 
size of the ET lumen, because of locally varying tissue shrinkage. There is no doubt that 
tubal passage was seriously compromised by the inflammatory process, while active 
dilation must also be affected, because inflammation extended into the paratubal muscles. 
However, several observations indicated that the ET remained at least partly capable of 
draining the middle ear. In all the specimens, the purulent exudate in the middle ear was 
continuous with that in the ET lumen. Probably, the globular widenings lined by 
compressed epithelium observed in two specimens reflect (previous) obstruction. 
Additional proof of partial preservation of part of the drainage function of the ET was the 
less severe course of COM in the left ear in comparison with the obstructed ear as 
determined by otoscopy. Furthermore, the histopathological changes in experimentally 
obstructed ears (almost complete fibrosis of the middle ear) reported in a previous study15 
were more extensive than in this study. 
The histopathology of the middle ear during COM was characterised by a varying degree 
of fibrosis of the mucosa which was most marked at the tympanic orifice. At this site, 
polypous structures sometimes partly narrowed the tubal orifice. The lamina propia of the 
pars tensa of the tympanic membrane was largely thickened and lacked the typical 
arrangement of collagenous fibres after healing of the perforation. At present, no reports 
are available on the origin or healing of infection-induced perforations. Although 
perforations are generally assumed to originate from the pressure exerted by the 
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accumulateci purulent exudate, the present observations show that perforations can also be 
caused by the direct destructive action of micro-organisms. Spontaneous repair of these 
perforations occurred in a similar way to that observed in traumatically-induced 
perforations18. 
A remarkable observation was the presence of lymphoid tissue at the tympanic orifice. It 
first appeared at the beginning of middle ear infection and persisted throughout its course, 
even in the specimens where the middle ear had healed. Owing to its anatomical position, 
this tissue seems to be involved in the defense of the middle ear against ascending 
infection. The presence of a so-called tonsil has also incidentally been reported in man7. 
Summarizing, these data demonstrate that inflammation of the lateral part of the ET is a 
crucial factor in the development and persistence of COM. 
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CHAPTER 5 
PRESSURE REGULATION AND GAS EXCHANGE IN 
THE MIDDLE EAR OF THE RAT 
J.J.S. Mulder and W. Kuijpers 
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91 
ABSTRACT 
This study deals with the role of the eustachian tube (ET) and gas exchange in pressure 
regulation in the middle ear of the rat Pressurisation of the middle ear, changing middle 
ear gas composition and pressure recording were performed using a polyethylene catheter 
implanted in the middle ear The experiments were performed on alert animals, after 
anaesthesia and cardiac arrest and on dissected specimens In alert animals, opening 
pressures after the induction of positive pressures were lower than those during 
anaesthesia, but closing pressures were similar Opening and closure pressures recorded 
shortly after cardiac arrest did not differ from those after anaesthesia In alert animals 
induced positive pressures were completely equalised by action of the dilatory muscles 
Induced negative pressures were often only partly equalised in the alert animal In the 
anaesthetised animal induced negative pressures peisisted for fairly long periods 
Pressurisation of dissected specimens showed that air passage was confined to the dorsal 
part of the ET Steady state conditions showed pressure fluctuations of around zero in the 
alert animal In the absence of ET opening no convincing evidence was found for the 
development of negative pressures during an observation period of up to three hours 
Pressure-related gas exchange alter flushing the middle ear with CO-, (1009r ) or 0
Ί
 (100%) 
showed a rapid decrease in the middle ear pressure in the anaesthetised animals The rate 
of pressure decrease after flushing with C0 2 was about 20 times fastei than after 0 2 
(100%) In the alert condition the pressure decrease was opposed by repetitive openings of 
the ET 
Flushing with N-, (100%) in the anaesthetised animal showed an increase in the middle ear 
pressure After reaching a maximum value, the pressure slowly decreased In the alert 
animal the pressure course was interrupted by active opening of the ET 
It was concluded that the ET responded by action of the dilatory muscles to equalise 
positive pressures, but negative piessures could only be paitly equalised The mechanical 
properties of the ET in relation to air passage are best described by the opening and closing 
pressures under anaesthesia They are independent of blood pressure Although the rate of 
exchange of CO-, and O-, refers to a diffusion limited process, 0 2 exchange was assumed 
to be more rapid than predicted from such a process The pressure increase after flushing 
with N-, was ascribed to the counterdiffusion of CO0 and 0 Ί from the mucosa The 
descending part of the curve was assumed to represent the exchange rate of N-, 
The present findings demonstrate that gas exchange in the middle ear is a bidirectional 
process Due to the rapid exchange equilibrium of CO., and Ο
Ί
 can easily be maintained 
without opening of the ET The peisistence of induced negative hydrostatic pressures in the 
absence of ET opening, which is reminiscent of negative pressures observed in patients 
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with functional ET obstruction is difficult to understand Recording gas composition is 
required to elucidate this phenomenon The pressure gradient of N2 was assumed to play 
an important role in the maintenance ot atmospheric pressure in the middle ear The ET 
may be of fundamental importance in the maintenance of a high N2 concentration in the 
middle ear 
INTRODUCTION 
Inadequate aeration ot the middle ear (ME) cavity is assumed to result in a negative ME 
pressure and is generally recognized as an important tactor in ME disease However, the 
mechanisms involved in the development of negative pressures are poorly understood 
The classical ex vacuo theory has long been considered as the basis for ME pressure 
regulation This theory presumes that gas is continuously absoibed from the ME Gas 
absorption is compensated for by the entry of air during periodic opening of the ET by 
contraction of the tensor veli palatini muscle. In the absence of ET dilation, a negative 
pressure is thought to be generated. Although negative ME pressures are a common finding 
during upper respiratory tract infection with a functional ET obstruction'2 there is recent 
evidence that an obstructed ET does not necessarily mean that a negative pressure will 
develop In addition, pressure regulation is more complex than postulated by the ex vacuo 
theory. Studies on the dog1 and man4 6 have shown that in the absence of ET opening, even 
a positive ME pressure can develop Buckingham et al ^ observed a negative ME pressure 
during hyperventilation and a positive pressure during hypoventilation in the dog A 
similar observation was made by Hergils and Magnuson7 in man These studies were 
explained by diffusion of CO, into the ME mucosa; elevated blood levels of CO, cause an 
increase in ME pressure while decreased CO-, levels cause a negative ME pressure Gas 
diffusion from the blood into the ME was confirmed by Mover Lev et al8 In guinea pigs 
they showed that ME gas composition follows fluctuations in blood gas levels. However 
Yee and Cantekin9 did not find any influence of increased systemic oxygen pressure on ME 
gas exchange. Studies on gradient-driven exchange ol O, and C02 have provided further 
evidence of bidirectional exchange of gases between the ME cavity and mucosal blood 
vessels1"" instead of unidirectional exchange Nevertheless the nature of this gas 
exchange, its role and that ot the ET in pressure regulation of the ME are still not clear 
In this study the rat was used as a model for exploring various aspects of pressure 
regulation and gas exchange in the ME. By means of a catheter implanted in the bony wall 
ot the ME, middle ear pressure could be monitored continuously under physiological 
conditions and after controlled changes in ME gas composition 
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MATERIALS AND METHODS 
Operative procedure 
Adult Wistar rais ( 180-200 g. b.w.) with otoscopically healthy ears were anaesthetised with 
valium (0.5 mg/200 g, i.p) and hypnorm (IO mg fluanison and 0.315 mg 
fentanylcitraat/200 g, i.m.). For pressure recording, a permanent polyethylene catheter was 
implanted in the bony wall of the ME cavity under aseptic conditions. A skin incision was 
made in the midline of the skull and the caudal part of the ME was exposed. With a surgical 
drill a small hole (diameter 1 mm) was made in the bony wall. A polyethylene catheter 
(outside diameter I mm) with a flanged tip was carefully pushed through the hole with fine 
forceps. During gentle traction on the catheter, to provide an air-tight seal between the 
flange and the wall of the ME. the catheter was secured with carboxylate cement to the 
bare bone in the middle of the skull. Thereafter, the skin was closed with clamps. The 
external opening of the polyethylene catheter, which protruded through the skin for about 
1 cm out off the skin was sealed until required for pressure recording to prevent the 
entrance of micro-organisms. The experiments were conducted according to the guidelines 
on animal experimentation of the university of Nijmegen. 
Pressure recording 
For recording ME pressures, the animals were placed in a natural body position in the 
restraining garment described by Fischer et al.12. The body temperature was kept at 37°C 
with an electric blanket. The polyethylene catheter was connected to an external pressure 
source and a pressure transducer (Pressure sensor Catheter OEM 245, Roden, the 
Netherlands) with a three-way stopcock. The ME pressure was continuously recorded on 
a dual channel recorder. The monitoring system is shown in Fig. 1. The pressure source 
consisted of a motor-driven syringe which could produce both positive and negative middle 
ear pressures of between +100 and -100 cm Η
Ί
0. Altering the ME pressure was performed 
syringe 
pump 
F14 1 Schemata tlitiHtim of middle еш ¡iiewtue lecmdmi· 
transducer 
recorder 
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by inflating or deflating at a constant rate of air flow. The extra volume of air contained in 
the syringe and connecting tube was disconnected by closing valve 2 (Fig. 1). 
ME pressure recording was performed in alert animals, under hypnorm anaesthesia and 
shortly after killing the animal with a lethal dose of pentobarbital injected into the tail vein. 
Pressure measurements were taken in steady state conditions, after the application of over-
and underpressure (flow 0.5 or 1 ml/min) and after flushing the ME (0.5 ml/min) with gas 
mixtures containing varying concentrations of CO-,. N-, and Ο
Ί
 for 1 minute. In these latter 
experiments valve 2 was closed immediately after flushing and recording was started. 
Apart from these experiments three animals with a ME catheter were used to study the site 
of air escape at the nasopharyngeal orifice of the ET. For this purpose the animals were 
killed by an intracardiac injection of pentobarbital. The orifice of the tube was quickly 
exposed by removing the tongue and soft palate and studied under the operating 
microscope while inflating the middle ear at a constant air flow (1 ml/min). 
RESULTS 
Application of positive pressures 
The ability of the ET to compensate positive pressures was tested by inflating the ME with 
room air in both alert and anaesthetised animals. Immediately after the ET had opened 
(opening pressure), the airflow was stopped by closing valve 2 (Fig. I ). 
Alert 
During pressurisation the pressure curve frequently showed muscular activity (Fig. 2). 
Opening of the tube was followed by an initial steep pressure decrease and then the tube 
closed (closing pressure). Thereafter the pressure showed a stepwise decrease to (near) 
zero (Fig. 2). The observations made in 10 animals are summarised in Table 1. The data 
demonstrate a wide range in the opening and closing pressures. Mean opening and closing 
pressures were 26.19 (SEM 5.68) and 18.68 (SEM 4.07) cm Η,Ο, respectively. Also the 
magnitude of the pressure decreases, the number of steps and the time needed to equalize 
the pressure to zero could vary in subsequent pressurisations (Fig. 3) and between 
individual rats. 
Anaesthetised 
In 9 out of the ten animals, the ET opening pressure was higher under anaesthesia than in 
the alert condition. After opening, there was a rapid pressure decrease until the closing 
pressure was reached. . The average closing pressure did not differ from that in the alert 
animal. The opening and closure pressures under anaesthesia are summarised in Table I. 
Mean opening and closing pressures were 34.02 (SEM 1.40) and 19.56 (SEM 1.75) cm 
H-,0, respectively. Only small variations were observed in these pressures during retesting, 
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Table I Орешпц and closing i»c\stirei (tin H,0) <>} the ET in 10 ran in alen 
umilinoli and Jin mi; anaesthesia 
ral nr 
1 
2 
3 
4 
S 
6 
7 
8 
9 
IO 
ioidi 
ral nr 
1 
2 
3 
4 
5 
6 
7 
8 
9 
IO 
total 
Opening pressure 
alert 
Mean 
22 75 
26 00 
10 40 
17 77 
29 25 
22 43 
28 60 
Π 80 
30 71 
27 86 
26 19 
SEM 
1 45 
2 12 
1 30 
221 
2 22 
6 23 
6 93 
106 
I l 88 
1051 
5 68 
η 
4 
3 
2 
3 
6 
8 
5 
3 
8 
7 
49 
anaesthetised 
Mean 
22 10 
47 45 
26 87 
24 70 
29 90 
34 58 
30 88 
40 30 
37 70 
37 70 
34 02 
SEM 
1 06 
1 45 
061 
0 01 
1 06 
1 56 
2 96 
1 06 
1 30 
1 30 
1 40 
η 
3 
4 
3 
4 
3 
5 
4 
3 
6 
6 
41 
significance 
ns 
!· 1 ( 
1 - λ 
* 
ns 
ι· 1 
ns 
** 
ns 
ns 
ns 
Closing pressure 
alen 
Mean 
11 05 
15 60 
9 10 
14 30 
18 42 
20 15 
14 82 
15 17 
25 19 
24 33 
18 68 
SEM 
4 04 
1 30 
1 84 
1 30 
5 23 
6 02 
1 48 
0 75 
9 50 
9 25 
4 07 
η 
4 
3 
2 
3 
6 
8 
5 
3 
8 
7 
49 
anaesthetised 
Mean 
9 10 
24 38 
14 73 
14 63 
1603 
15 86 
13 33 
24 70 
26 65 
26 65 
19 56 
SEM 
1 30 
2 46 
0 75 
0 65 
0 75 
2 82 
2 22 
2 60 
1 97 
1 97 
I 75 
π 
3 
4 
3 
4 
3 
5 
4 
3 
6 
6 
41 
significance 
ns 
> 
* 
ns 
ns 
ns 
ns 
* 
ns 
ns 
ns 
Student's t-test 
ns 
4-
** 
**' 
ρ value 
>0 05 
0 01 to 0 05 
0 001 Ю 0 01 
<0 001 
97 
cm H 2 0 
Fi ι; J flessine іесонішц 
duimt; arni ujlei lepeaied 
inßaiitin o] the middle ein 
tflow I ml/mm) in the eilen 
animili Note \ amnion in 
stepuisc equuliZMtlon o/ the 
pieliti e in the subsequent 
lecoidin^s 
(-) piessine télense 
О В 1 6 2 4 32 m i n . 
as can be derived from the small SEM. After closing, the ET pressure remained stable or 
showed a slow decrease. Sometimes a small transient increase was observed. The course 
of the pressure was followed for a maximum of 10 minutes. 
Cardiac arrest. 
Opening and closing pressures recorded in five animals, 5 minutes after cardiac arrest 
induced by an overdose of pentobarbital, did not differ significantly from the values 
measured during anaesthesia (Fig. 4). The mean opening and closing pressures were 34.82 
(SEM 1.31) and 19.64 (SEM 2.22) cm H,0, respectively. 
Microscopic examination of the nasopharyngeal orifice of the ET during inflation of the 
ME to establish the route of air passage, revealed small air bubbles escaping from the 
dorsorostral part of the ET when the pressure exceeded the passive opening pressure. 
Below the closing pressure, escaping air was no longer observed. 
Application of negative pressures 
Alert 
Pressure equilibration after the induction of negative pressures in alert animals was highly 
dependent on the magnitude of the pressure induced. Up to a pressure of about - 6 cm H^O 
there was an irregular stepwise adjustment to zero. At lower pressures, only partial 
pressure equilibration was found; the pressure remained at a fairly constant negative level 
(Fig. 5) throughout an observation period of 15 minutes. Prolonged exposure to pressures 
of less than -20 cm H 20 resulted in the accumulation of fluid (transudation) in the middle 
ear associated with a slow increase in the pressure (Fig. 6). 
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Fia. 4. Pressure recording 
during and after repeated 
inflation of the middle ear 
(flow I ml/min) in the 
anaesthetised animal (L) 
and after killing the 
animal with an overdose 
of pentobarbital (R). 
Arrow indicates cardiac 
arrest. (-): pressure 
release. 
cm H2O 
+ 1 2 . 5 
r-
ΞΞ 
. _ - . ] _ . , . ; . 
_-•-.-:—r~—.¡φ 
Fig. 5. Pressure recording 
during and after the 
application of negative 
middle ear pressure in the 
alert animal. There is only 
partial pressure 
equalisation by active 
dilation of the ET. 
(-): Pressure release. 
Fig. 6. Pressure recording during and after the application oj a high negative pressure in the alert animal. 
After a short period of partial pressure equalization by active ET opening there is a gradual increase oj tlie 
pressure due to fluid accumulation in the middle ear. Arrow indicates ET opening. 
99 
Anaesthetised 
In the anaesthetised 
animals induced negative 
pressures ( of between 10 
and 15 cm H20) remained 
at the same level (Figs 
7,8) throughout an 
observation period of up 
to 3 hours. 
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Steady state conditions 
Alert 
Steady state conditions in the alert animals (n=10) showed pressure fluctuations of around 
zero or above zero throughout an observation period of more than 4 hours (Fig 9) The 
fluctuations varied widely between the different animals 
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Anaesthetised 
In the anaesthetised animals (n=10) the middle ear pressure was slightly positive under 
steady state conditions in 6 animals. In 4 animals the pressure slowly decreased from a 
slightly positive value to a slightly negative level, which did not change throughout an 
observation period of up to about 3 hours (Fig. 10). 
Changing middle ear gas composition 
For each gas mixture 3 animals were used. The partial pressures of the gases in the 
different mixtures applied are shown in Table 2. For comparison, the partial gas pressures 
in the middle ear, venous blood, mucosa and room air are included in this table. 
Representative pressure recordings after flushing with C(X (100%), 0 2 (100%) and N-, 
(100%) in alert and anaesthetised animals are shown in Figs 11- 14. 
room air21 
humidified air21 
venous/mucosa22 
middle e.ir22 
N, flushing 
O, flushing 
CO, flushing 
N 2 / 0 , (80/20) 
N, /CO, (95/5) 
N, /CO, (90/10) 
pN2 
597 
561 
573 
619 
7 Π 
570 
677 
642 
pO, 
159 
149 
40 
41 
7 Π 
141 
pCO, 
0 1 
0 3 
46 
53 
713 
36 
71 
ρ Η , ϋ 
3 7 
47 
47 
47 
Table 2 Pattuii i>as piessures (mm Hi>) of цеп 
mixtuies used foi changing middle eat gas 
composition For companion partial gas piessures 
in middle eat \cnous blood and au ate included 
In the anaesthetised animals flushing with 100% CO, produced a very rapid pressure 
decrease to very low values of more than - 200 cm Η,Ο within a few minutes (Fig. 11 ). In 
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the alert animals, pressure decrease was associated with repetitive opening of the ET while 
the decrease was much slower (Fig. 12). 
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Flushing with 100% 0 2 in the anaesthetised animal also induced a negative pressure, but 
the pressure decreased at a much slower rate than after flushing with 100% CO.,. There was 
a fairly rapid pressure decrease to about 40 cm H 20 within ten minutes. Thereafter the rate 
of pressure decrease became gradually slower until a minimum value of approximately -
100 cm H 2 0 after about 30 minutes (Fig. 11). In the alert animals the initial pressure 
decrease did not differ from that in the anaesthetised animals, but thereafter the rate of 
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pressure decrease became much slower, while the curve showed a serrated appearance due 
to intermittent opening of the ET. The frequency of active ET opening was lower than with 
100% C0 2 . A minimum value was observed after approximately 30 minutes. Thereafter 
the pressure gradually rose again (Fig. 13). During the course of the pressure changes, the 
rate of pressure decrease after ET opening gradually diminished (Fig. 13, insets a,b). In all 
the ears flushed with 100% СОт and 100% 0 2 fluid had accumulated in the middle ear. 
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Flushing with 100% N-, showed a rapid increase in the middle ear pressure in the 
anaesthetised animals during the first 5-10 minutes. Then the pressure increased slowly 
until a maximum pressure had been reached after about 60 minutes. Thereafter the pressure 
slowly decreased (Fig. 11). Total pressure equilibration had still not been achieved during 
an observation period of up to 4 hours. In the alert animals, similar pressure changes were 
observed, but the ET opened intermittently, resulting in sharp pressure decreases, followed 
by gradual pressure increases (Fig. 14). As time progressed the pressure increase rate 
became slower. 
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With a mixture of N-, (95%) and CO^ (5%) comparable results were obtained, but the 
pressure increase was much smaller. A mixture of N-, (90%) and C02 (10%) produced a 
transient negative change in the middle ear pressure. An example of the pressure course is 
shown in Fig. 15. Immediately after flushing, the pressure rapidly decreased to about -10 
cm H-,0 within 2 minutes. Thereafter the rate decreased more gradually until a minimum 
value of about -15 cm H,0 was achieved after 10 minutes. Subsequently the pressure 
gradually increased to zero and became slightly positive and then slowly returned to zero. 
DISCUSSION 
This study demonstrated that the tubotympanum of the rat appeared to be an appropriate 
model for investigating pressure regulation and gas exchange in the ME cavity in the alert 
animal and during anaesthesia when active muscular opening of the ET is immobilised. 
Pressure recording under steady state conditions showed that in the alert animals the ME 
pressure was close to zero or slightly positive. This is in line with the observations made 
in man and monkeys410 ' \ In the anaesthetised animals, where tubal opening is blocked, 
normobaric pressure can be maintained at least over an observation period of up to 4 
hours. 
The inflation studies revealed that the rat ET is normally closed and opening can only be 
observed by the application of positive pressures, which varied widely between individual 
animals. In the alert animals the opening pressure was lower than in the anaesthetised 
animals. This observation together with the muscular activity seen during inflation 
indicate that opening of the ET is due to the action of the dilatory muscles: the 
salpingopharyngeus muscle and the tensor veli palatini muscle14. The variation in opening 
pressures in successive inflations might be ascribed to differences in the degree and 
duration of contraction of the dilatory muscles and to the presence of mucus. These 
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findings suggest that the response to acute pressure increases is regulated by a neural 
feedback system, but convincing morphological evidence for the presence of sensory 
components associated with baroreception in the middle ear mucosa is still lacking 
The opening pressure in the anaesthetised animals represents the pressure which is 
needed to overcome the forces exerted by elasticity of the cartilage and the pressure 
exerted by the surrounding tissues The mechanical properties of the ET in relation to air 
passage are therefore best reflected by the opening and closing pressures under 
anaesthesia Other investigators have assumed that ET opening by positive pressures in 
alert animals occurs passively15 In these studies, very high continuous flows were applied 
to obtain stable opening This procedure masked any pressure-related muscular opening 
The lack of significant difference between the opening and closing pressures in the 
anaesthetised animals and after cardiac arrest demonstrates that these parameters do not 
depend on vital conditions, including blood pressure They are apparently only controlled 
by the elastic properties of the tubal cartilage and tubal walls and the mass of the 
surrounding tissue 
During pressurisation of the middle ear under direct observation of the nasopharyngeal 
opening of the ET, it was found that air passage occurs in the anterodorsal part of the ET 
This confirms our hypothesis that this part of the ET, which is mainly lined by squamous 
epithelium has a ventilatory function16 
Equilibration of positive pressures occurred in a stepwise manner by active dilation of the 
ET owing to contraction of the dilatory muscles, but the degree and duration of the 
contractions varied These observations demonstrate that positive middle ear pressures are 
equilibrated under physiological conditions This stepwise equilibration has also been 
demonstrated in man and non-human primates17 20 
Spontaneous equalisation of induced negative pressures in alert animals also occurred 
during intermittent opening of the ET by the dilatory muscles However, the effect was 
often only partial and negative pressure could persist unchanged for longer periods These 
observations differ from those of similar studies on other species in which complete 
equalisation was reported17 2() However, in these latter studies active muscular opening of 
the ET was stimulated by inducing swallowing or yawning 
Changing the gas composition in the middle ear cavity of the anaesthetised animals 
showed that pressure gradients of CO? and O-, had pronounced effects on middle ear 
pressure There was a rapid decrease in middle ear pressure when the middle ear gas was 
leplaced by 100% COn The rate of decrease was much slower with 100% 0 2 
In the alert condition, repetitive openings of the ET can be considered as an attempt to 
prevent serious pressure decrease Whether muscular opening is governed by the rate of 
pressure decrease or by the composition of the gas is not clear 
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Exchange rates ot CO-, and O, can only be approximated because counterdiffusion of gases 
and metabolic and vascular effects exerted by the non physiological gas composition may 
have influenced the course of the pressure curves In body fluids the diffusion rates for 
these gases can be calculated from the formula DR = PD χ A χ S/D χ VMW 2 1 In this 
formula DR is the diffusion rale, PD is the pressure difference between the two 
compartments, A is the cross-sectional area, S is the solubility of the gas, D is the distance 
of diffusion and MW is the molecular weight of the gas The diffusion coefficient is 
defined as the rate of diffusion through a given area for a given distance and pressure 
difference for any given gas When the diffusion coefficient for O, is set at 1, the diffusion 
coefficients for CO, and N2 are 20 "Ί and 0 53 respectively
21
 When exchange rates ot O, CO, 
were calculated from the initial straight parts of the curves (100% C0 2 and 100% O-,) in 
the anaesthetised animals an average ratio of 1 20 was found This suggests that the 
exchange ot these gases is a diffusion limited process However this finding seems to be a 
coincidence, because the first part ot the slope of the O-, pressure curve is not only 
determined by the diffusion of 0 2 but also by the diffusion of CO, from the mucosa to the 
middle ear and one would even expect an initial pressure increase when the middle ear is 
flushed by 100% 0 2 This indicates that the ratio of the diffusion rates of O, and C 0 2 must 
be smaller and 0 2 disappears fastei from the middle ear than can be expected from a 
diffusion process 
The course ot the pressure change after flushing with 100% N-, deserves special attention 
As PN7 in the middle ear is much higher than in the mucosa
22
 we would expect a decrease 
in middle ear pressure, but there was first a rapid increase, then a fairly constant level 
which subsequently decreased very slowly Because PC0 2 and PO, under these 
circumstances are zero in the middle ear, the course of ME pressure will be determined by 
the counterdiffusion of these gases from the blood into the middle ear The decreasing part 
of the curve can be assumed to represent the gradient driven exchange of N-, These 
observations show that the exchange rate of N, is much smaller than that of O, . but no 
further approximation ot the 0 2 N, ratio can be made from the present data 
Support for the counterdiffusion of CO, and O-, can be derived from the pressure curve 
obtained after N2 flushing in the alert animals This curve showed sharp pressure 
decreases, caused by opening of the ET, and then the pressure rose again This pressure 
increase reflects the gradient-driven diffusion of CO, and O-, 
The present findings are in agreement with bidirectional gas exchange in the middle ear, 
but no conclusion can be drawn on the precise character of the exchange of the gases 
involved This can only be elucidated by monitoring gas composition 
The rapid exchange rates of CO-, and O, indicate that equilibrium of these gases between 
the middle ear and venous blood can easily be maintained, wheieas changes in the 
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proportions of these gases result in short-term alterations in ME pressure An instructive 
example of the course of the middle ear pressure in the anaesthetised animal aftei 
perturbation of the equilibrium of ME gases between ME and blood by flushing the ME 
with CO, (10%) and N2 (90%) shows Fig 15. There was an initial rapid pressure decrease 
due to the diffusion of C0 2 into the mucosa After reaching a fairly constant level, there 
was a gradual pressure increase caused by the diffusion of Ο
Ί
 from the mucosa into the 
middle ear Thereafter the pressure became slightly positive, which was probably due to 
the small PN-, gradient; subsequently the pressure decreased to zero 
So far, comparable studies on gas exchange have only been performed on anaesthetised 
monkeys2124 From these studies it has been suggested that the exchange of C0 9 and O-, is 
a diffusion limited process With respect to the exchange rate of N2, these studies revealed 
conflicting data Yee and Cantekin21 found a sharp decrease of the middle ear pressure after 
politzerization with N.,, while Doyle and Seroky24 did not find a gradient-driven N-, 
exchange from the middle ear into the blood and concluded that no diffusion of Ν
Ί
 took 
place These differences might be due to the study methods applied e g the use of 
politzensation to introduce a bolus ot Ν
Ί
 gas into the middle ear With this method, no 
reliable data can be obtained on the gas composition of the middle ear 
In contrast with the gas-related disturbances in ME pressure, induced negative hydrostatic 
pressures did not change significantly in the absence of ET function at least within an 
observation period of three hours. In this condition, ET opening seems obligatory to restore 
ambient pressure Although these findings fit with observations in patients with a 
functional obstruction of the eustachian tube1 2 ,they are difficult to understand When a 
negative pressure is induced by deflation, the relative composition of the different gases in 
the middle ear does not change, but the partial pressures decrease proportionally and one 
would expect that the induced pressure gradients of the different gases will equalize, 
resulting in a gradual return to zero of the middle ear pressure 
Recording gas composition under these experimental conditions can contribute to explain 
this phenomenon. 
In contrast with C0 2 and O,, which are in approximate equilibrium with venous blood, the 
PN, in the middle ear is about 50 mm Hg higher than in blood22 This accounts for the total 
pressure difference between the middle ear and blood It can therefore be suggested that 
maintenance of the N2 pressure gradient, is of crucial importance to maintain atmospheric 
pressure So far no attention has been paid to the origin of this high concentration of N2 in 
the ME. 
To maintain the N9 pressure gradient, N-, must be continuously supplemented from an 
external source to compensate for the slow loss and to prevent ME pressure decrease As 
no exchange of gas has been established over the tympanic membrane23, N2 supply can 
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only occur through the transport of air via the ET from the nasopharynx to the middle ear 
An important remaining question is how can N, selectively accumulate in the middle ear7 
We can only speculate on the underlying mechanism There may be a similar convective 
gas transport to that proposed to occur in the lung alveoli When nasopharyngeal air is 
regularly transported to the middle ear by intermittent opening ot the ET, P0 9 will increase 
in the middle ear As the rate of exchange of 0 2 is much faster than that of Ν.,, ΝΊ will 
gradually accumulate in the middle ear According to this reasoning, the ET has a crucial 
function in maintaining the N, pressure gradient Direct monitoring of the gas composition 
is necessary to prove this assumption 
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SUMMARY AND CONCLUSIONS 
II I 
The eustachian tube (ET) connects the middle ear cavity to the nasopharynx The ET 
protects the middle ear from secretions and micro-organisms ascending from the 
nasopharynx, it clears waste products trom the middle ear to the nasopharynx and it 
preserves pressure equilibration between the middle ear and ambient air To cope with 
these functions, the ET is equipped with a specialised mucosa, various paratubal 
supporting structures and paratubal muscles Although there is consensus on the general 
morphology of the ET, the structural relationship between the paratubal muscles and the 
ET mucosa is still a matter of debate Similarly, a detailed concept on an anatomically-
based mechanism underlying middle ear ventilation and drainage is lacking 
The ET is closed most of the time and opens periodically during yawning and swallowing 
to ventilate the middle ear cavity The tensor veli palatini muscle is generally considered 
as the primary dilator, but there is a lack of knowledge about the role of the other paratubal 
muscles (the levator veli palatini muscle and the salpingopharyngeus muscle) and how air 
passes through the ET 
Ventilation of the middle ear is assumed to compensate for continuous gas absorption in 
the middle ear and prevent the development of negative pressure as has been postulated by 
the "hydrops ex vacuo" theory Although negative pressures are a common finding when 
the ET is obstructed under pathological conditions, recent studies have shown that under 
normal conditions in the absence of tubal opening even positive pressure can develop and 
that gas exchange is a bidirectional process These observations demonstrated that pressure 
regulation in the middle ear is more complex than postulated by the ex vacuo theory At 
present it is still unknown how and to what extent gas exchange and ET function contribute 
to pressure regulation in the middle ear An important problem in the study ot ET function 
is the lack of appropriate animal models 
Using the rat as an animal model, the purpose of this study was to address a number of 
unsolved issues regarding the ET mucosa under normal conditions and during chronic 
otitis media, the relationship between paratubal structures and ET mucosa and middle ear 
pressure regulation 
Chapter 1 
Chapter 1 describes the epithelial lining of the ET of the rat The epithelium was 
investigated with the use of light microscopy and scanning electron microscopy 
The epithelial lining was composed of mucociliary epithelium and squamous epithelium 
Excretory ducts of the large mixed tubal gland opened into the mucociliary part Both types 
of epithelial cell were arranged in coherent fields, extending from the middle ear cavity to 
the nasopharynx The mucociliary epithelium, which lined the main (ventral) part of the 
ET, was continuous with the tracts of mucociliary cells in the middle ear and with the 
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mucociliary epithelium in ihe nasopharynx. This provides morphological evidence of a 
mucociliary Iransport system for clearance of the middle ear cavity. The squamous non-
secretory epithelium was limited to the dorsal part of the ET This part of the tube may be 
responsible for air passage. These findings suggest a topographical separation of the 
clearance and ventilation function. 
Chapter 2 
Microdissection and serial sections were used to elucidate the anatomy of the ET in the rat. 
Special attention was paid to the relationship between the mucosa of the ET and the 
paratubal supporting structures and paratubal muscles. 
The rat ET consisted of a collapsible membranous and membranocartilaginous segment and 
a non-collapsible bony segment. In addition to the tensor veli palatini muscle and the levator 
veli palatini muscle, the rat ET showed a well-developed salpingopharyngeus muscle, which 
consisted of three groups of fibres inserting into the paratubal cartilage and into the dorsal 
and ventral part of the membranous segment, respectively. The fibres of the tensor veli 
palatini muscle and salpingopharyngeus muscle, which were attached to the dorsorostral and 
the dorsocaudal section of the ET, respectively, were assumed to be involved in tubal dilation. 
This finding together with earlier observations that the dorsal part of the ET was mainly lined 
by non-secretory squamous epithelium, suggests that this part of the tube is responsible for 
ventilation. The ventral part, which lacked the attachment of dilatory fibres and was lined by 
mucociliary epithelium, was assumed to be responsible for clearance of waste products from 
the middle ear. The anatomical position of the levator veli palatini muscle suggested that this 
muscle contributes to the protective function of the middle ear. The anatomy of the rat ET did 
not differ fundamentally from that of man, except for the presence of a well-developed 
salpingopharyngeus muscle, which contributes to ET dilation. 
Chapter 3 
The development of the rat tubotympanum was monitored from 12 days post-conception 
(dpc) up to postnatal day (dab) 40. The objective of this study was to investigate the 
relationship between the anatomical maturation of the middle ear and that of the ET and 
paratubal muscles using routine light microscopy and electron microscopy. In addition, the 
differentiation of the epithelial lining was investigated with the use of monospecific 
antibodies directed against different cytokeratins, which are markers of epithelial cell 
differentiation and an antibody against vimentin, a polypeptide specific of mesodermal 
differentiation. 
Throughout the whole developmental period the epithelial lining showed a differentiation 
related cytokeratin expression. 
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At 18 dpc. the tubotympanum showed subdivision into a tympanic and a tubal part Around 
birth, the ET was lined with mucociliary epithelium which showed mature features At this 
age, the middle ear cavity consisted of a small slit sunounded by loosely textured 
connective tissue A dorsal extension, which became lined by squamous epithelium, started 
to form at 5 dab, simultaneously with the development of the framing cartilage The dorsal 
part, its epithelial lining and the framing cartilage had reached maturity at 10 dab At this 
age, the dilatory fibres of the salpingopharyngeus muscle and the tensor veli palatini were 
attached to the dorsal part ot the ET Shortly atterwaids, the middle ear cavity became 
aerated 
The continuous expression of cytokeratins demonstrates that the whole epithelial lining is 
derived from the embryonal endoderm of the first pharyngeal pouch In addition, the ET 
showed two-stage development. First, the mucociliary system matured This provided 
protection when the animal started to respirate and swallow immediately after birth 
Thereafter dorsal part and its framing cartilage coincided with the developed Its 
maturation coincided with the attachment of the dilatory fibres and the aeration of the 
middle ear cavity These observations support the hypothesis that the dorsal part of the ET 
serves ventilation of the middle ear, while the ventral part which is lined by mucociliary 
epithelium is responsible for protection and clearance 
Chapter 4 
Chapter 4 describes the histopathology of the tubotympanum during chronic otitis media 
(COM)in rats with an upper airway infection (URI) The tight ear was obstructed by 
electrocautery and the condition ot both ears was monitored by otoscopy For purpose of 
comparison specific pathogen tree (SPF) rats were treated in the same way. Animals were 
killed at intervals varying trom 1 day after obstruction up to twelve months, and processed 
for light microscopy and electron microscopy Bacterial cultunng was performed on the 
nasopharynx and middle ear 
In the URI animals, all the obstructed right ears and the majority of non-obstructed left ears 
of the URI animals developed COM during the first week, this was frequently associated 
with perforations of the tympanic membrane In the non-obstructed URI ears, all the 
perforations healed within three weeks, but in the obstructed ears some of the perforations 
persisted. In the SPF animals, ET obstruction ot the right ear resulted in the persistent 
accumulation of a sterile serous transudate in the middle ear The left ears showed transient 
accumulation ot this fluid during the first week. 
Electron microscopy of the ET of control URI rats without ET obstruction showed the 
presence of bacteria attached to the epithelial cells of the ET, but these were absent in the 
SPF rats 
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Histopathology was only performed on the left tubotympanum It was established that 
inflammation of the lateral part of the ET preceded the development of COM Throughout 
the course of the disease this part of the ET remained inflamed, while the nasopharyngeal 
part was usually less affected The histopathological features comprised loss of cilia a 
varying degree of inflammation of the ET mucosa and paratubal structures, and local 
disintegration of the epithelial lining The middle ear showed chronic inflammation of the 
mucosa with a varying degree of fibiosis The lumen was filled with purulent exudate 
Fibrosis was most pronounced at the tympanic orifice, urcumsciibed lymphoid tissue was 
always present in this area In a small number of URI ears COM had healed after several 
months the middle ear was clear ot inflammatory exudate the fibrotic mucosa was free from 
inflammatory cells and the epithelial lining of the ET consisted of normal ciliated epithelium 
These observations support the existence ot a relationship between URI and COM 
Especially bacterial colonisation of the ET during URI can be assumed to be a crucial 
factor in the development of COM The transient accumulation ot transudate in the left ears 
of the SPF animals shortly after obstruction of the right ears demonstrated that 
electrocautery induced a transient dysfunction ot the left ET This dysfunction appeared to 
trigger the bacteria in the ET of the URI lats into pathological behaviour which resulted in 
otitis media COM was always associated with inflammation ot the ET, which seriously 
compromised the function of the ET However, the ET remained able to drain exudate from 
the middle ear The impaired function ot the ET was considered as am important cause ot 
the development and prolongation of COM during URI 
Chapter 5 
The rat tubotympanum was explored as an experimental model to investigate the role of 
the ET and gas exchange in pressure regulation of the middle ear For pressure ìecording, 
a polyethylene catheter was implanted in the middle ear and fixed onto the bone of the 
skull Pressure recording was performed on alert and anaesthetised animals, after cardiac 
arrest and on dissected specimens of the tubotympanum Opening pressures in alert 
animals were lower than after anaesthesia In the aleit animals there was stepwise 
equilibration of the pressure to zero After anaesthesia the pressure did not change after 
the ET had closed at the closing pressure Opening and closing pressures were not changed 
after cardiac airest It was concluded that the ET opens actively after the application of 
positive pressures by contraction of the dilatory muscles The mechanical properties ot the 
ET with respect to air passage were assumed to be best reflected by the opening and 
closing pressures under anaesthesia Direct observations on the nasopharyngeal orifice of 
the ET ot dissected specimens during inflation ot the middle ear showed that air passage 
was confined to the dorsal part of the ET 
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Induced negative pressures were reduced only partially by muscular opening, especially 
when the pressures were lower than about -6 cm H.,0 Low pressures induced transudation 
and fluid accumulation in the middle ear Induced negative pressures in the anaesthetised 
animals did not change during a maximum observation period of 3 hours This 
phenomenon could not be explained but it suggests that induced hydrostatic pressures are 
difficult to equalise without an active contribution from the ET Pressure recording during 
steady state conditions did not show any convincing evidence of negative middle ear 
pressure development 
Changing the gas composition in the middle ear by flushing with C02 (100%) in the 
anaesthetised animals showed a very rapid pressure decrease to very low values A 
comparable observation was made with 0 2 (100%), but the decrease was about 20 times 
slower In the alert animals the pressure decrease was counteracted by frequent opening of 
the ET Flushing the middle ear with N2 (100%) resulted in positive middle ear pressure, 
which, after reaching a plateau, decreased very slowly A similar phenomenon was 
observed in the alert animals, but under this condition the ET opened intermittently The 
development of the positive pressure was assumed to be due to counterdiffusion of C02 
and 0 2 from the mucosa These observations demonstrated that changes in pressure 
gradients of C02 and 0 2 were rapidly compensated for by a diffusion-like process, 
although the exchange of 0 2 was suggested to be faster than expected trom a diffusion 
process The N2 gradient was proposed to be of crucial importance to the maintenance of 
atmospheric pressure in the middle ear We hypothesize that the N-, pressure gradient in the 
middle ear can be maintained by convective gas transport 
These studies on the rat tubotympanum demonstrated that this animal is a very suitable 
model for detailed anatomical and pathophysiological studies Owing to easy access of the 
middle ear, this model appears very useful for direct measurement of the gas composition 
in normal and pathological conditions to improve our insight in the pathophysiology of 
chronic otitis media 
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SAMENVATTING EN CONCLUSIES 
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De tuba Eustachii (TE) vormt de verbinding tussen het middenoor en de neus-keelholte. 
De tuba voorkomt dat secretieproducten en microorganismen vanuit de neus-kcelholte in 
het middenoor terecht kunnen komen, ze regelt de afvoer van secretieproducten en 
celdebris vanuit hel middenoor naar de neus-keelholte en zorgt ervoor dat de druk in het 
middenoor gelijk blijft aan die in de buitenlucht. 
De TE heeft een zeer complexe bouw, die gerelateerd is aan de uitvoering van deze 
verschillende functies. Het lumen van de tuba is bekleed met slijmvlies. Aan de buitenzijde 
bevinden zich verschillende ondersteunende structuren en inserercn een aantal spieren, die 
ten dele met het palatum zijn verbonden. Over de plaats en de wijze waarop de spieren met 
de tuba zijn verbonden, bestaan verschillende opvattingen. Daarnaast bestaat er geen 
gedetailleerd concept over de manier waarop de middenoorruimte wordt gedraineerd en 
geventileerd. 
Onder normale omstandigheden is de TE meestal gesloten. Ze opent periodiek tijdens 
bepaalde slik- en kauwbewegingen, waarbij het middenoor geventileerd wordt. De 
musculus tensor veli palatini wordt algemeen beschouwd als de spier die de tuba opent. 
Over de rol van de andere paratubaire spieren (de musculus levator veli palatini en de 
musculus salpingopharyngeus) bij de functie van de TE bestaan zeer uiteenlopende 
opvattingen. 
Ventilatie van het middenoor is noodzakelijk om te voorkomen dat er in het middenoor een 
negatieve druk ontstaat als gevolg van continue gasabsorptie door de mucosa, zoals dat 
oorspronkelijk is gepostuleerd door de "hydrops ex vacuo theorie". Een negatieve 
middenoordruk kan worden aangetroffen wanneer de tuba geblokkeerd is in bepaalde 
pathologische situaties. De "hydrops ex vacuo theorie" heeft lange tijd de opvattingen over 
drukregulatie in het middenoor bepaald. Recente studies hebben echter aangetoond dat 
gasuitwisseling in het middenoor een bidirectioneel proces is. Bovendien is gebleken dat 
er onder normale omstandigheden, wanneer de tuba niet opent, in het middenoor een 
positieve druk kan ontstaan. Deze bevindingen tonen aan dat de drukregulatie in het 
middenoor complexer is dan wordt gepostuleerd door de "hydrops ex vacuo theorie". Het 
is echter nog steeds niet duidelijk hoe en in welke mate de TE en het 
gasuitwisselingsproces bijdragen aan het regelen van de middenoordruk. Een belangrijk 
probleem bij het onderzoek naar de functie van de TE, is het ontbreken van geschikte 
proefdiermodellen. 
Het doel van het, in dit proefschrift beschreven, onderzoek was om, m.b.v. de rat als 
proefdier, een aantal kwesties te onderzoeken met betrekking tot de anatomie van de TE 
onder normale en pathologische omstandigheden en haar functie bij de regeling van de 
middenoordruk. 
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Hoofdstuk 1 
In hoofdstuk 1 worden de resultaten beschreven van een licht en electronenmicroscopisch 
onderzoek van de mucosa van de TE van de rat 
De epitheliale bekleding van de TE wordt gevormd door een coherent gebied met 
mucocihair epitheel, waarin de atvoergangen van de tubakheren uitmonden en een 
coherent gebied met squameus epitheel Beide gebieden strekken zich uit van het 
middenoor tot aan de nasopharynx Het mucocihair epitheel dat het ventrale deel van de 
tuba bekleedt, sluit aan bij de mucocihaire banen die in het middenoor aanwezig zijn en 
gaat bij de nasopharyngcale opening over in het mucocihair epitheel van de nasopharynx 
Dit vormt het anatomische bewijs voor het bestaan aan van een mucocihair transport 
systeem voor het afvoeren van afvalproducten uil het middenoor De rol van de 
secretieproducten van de slijmbekercellen bij de functie van de TE verschilt vermoedelijk 
van die van de tubakheren Het squameuze, niet secretoire, epitheel bevindt zich 
voornamelijk in het dorsale deel van de TE Op grond van deze bevindingen wordt een 
ruimtelijke scheiding van de drainage- en de ventilatiefunctie gepostuleerd 
Hoofdstuk 2 
De anatomie van de TE van de rat werd bestudeerd met behulp van microdissectie en 
hchtmicroscopische seriecoupes In dit onderzoek werd speciale aandacht besteed aan de 
tubamusculatuur De TE bestaat uit een benig deel dat in directe verbinding staat met de 
middenoorholte, een membranocartilagineus segment, waarvan het dorsale deel gesteund 
wordt door een С vormig kraakbeen en een membraneus segment dat uitmondt in de 
nasopharynx Het benige deel is permanent geopend, terwijl in het membranocartilagineu-
ze en in het membraneuze segment de shjmvliesbladcn van beide wanden in rusttoestand 
tegen elkaar liggen Hierdoor is het lumen van de tuba gesloten 
De tubamusculatuur bestaat uit de musculus tensor veli palatini, de musculus levator veli 
palatini en de musculus salpingopharyngeus Deze laatste spier bestaat uit drie groepen 
spiervezels, waarvan de laterale groep verbonden is met het tubakraakbeen De twee 
mediale groepen insereren in het membraneuze deel van de TE De spiervezels van de 
musculus tensor veli palatini en van de musculus salpingopharyngeus die respectievelijk 
insereren in het dorsorostrale en het dorsocaudale deel van de TE worden beschouwd als 
tubadilatoren 
Deze bevindingen en de aanwezigheid van met secretoir epitheel in het dorsale deel 
suggereren dat dit deel van de TE betrokken is bij de ventilatie van het middenoor Het 
ventrale deel, waar geen spiervezels met een dilatoire functie aanwezig zijn en dat bekleed is 
met mucocihair epitheel, wordt verondersteld betrokken te zijn bij de afvoer van secreet en 
debris uit het middenoor De anatomische positie van de musculus levator veli palatini duidt 
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erop dat deze spier een rol speelt bij de beschermende functie van de tuba m.b.t. het 
middenoor. 
De anatomie van de TE van de rat verschilt niet fundamenteel van die van de mens, met 
uitzondering van de musculus salpingopharyngeus, die bij de rat zeer sterk ontwikkeld is 
en naast de musculus tensor veli palatini betrokken is bij het openen van de TE. 
Hoofdstuk 3 
In dit hoofdstuk wordt een licht- en electronenmicroscopisch onderzoek beschreven naar 
de ontwikkeling van het tubotympanum bij de rat vanaf de twaalfde dag na de conceptie 
tot 40 dagen na de geboorte. Naast bovengenoemde methoden, werd gebruik gemaakt van 
immunohistochemie om de oorsprong en de differentiatie van het epitheel te bestuderen 
met behulp van specifieke antilichamen gericht tegen verschillende cytokeratines, markers 
van de differentiatie van epitheelcellen, en tegen vimentine, een polypeptide dat specifiek 
is voor de differentiatie van mesodermale cellen. 
Gedurende de gehele ontwikkelingsperiode vertoont het epitheel van het tubotympanum 
een, differentiatie-gerelateerde, expressie van cytokeratines. Dit bewijst dat de gehele 
epitheliale bekleding van het tubotympanum ontstaat uit het embryonale entoderm van de 
eerste pharyngeale zak. Mesodermale cellen leveren hieraan dus geen bijdrage, zoals 
eerder is gepostuleerd. 
Achttien dagen na de conceptie laat het tubotympanum een duidelijke verdeling zien in een 
tympanaal deel (middenoor) en een lubair deel. Rond de geboorte is de TE volledig 
bekleed met een functioneel mucociliair epitheel. Op dit tijdstip bestaat het 
middenoorlumcn uit een smalle spleet die omgeven is door losmazig bindweefsel. Vijf 
dagen na de geboorte begint de TE aan de dorsale zijde uit te groeien. Aan de buitenzijde 
van deze uitgroei, waarvan het lumen bekleed wordt met gelaagd squamcus epitheel, 
ontwikkelt zich het tubakraakbeen. Tien dagen na de geboorte bereikt dit dorsale segment 
zijn volwassen structuur. Op dit tijdstip is ook de aanhechting van de musculus 
salpingopharyngeus en de musculus tensor veli palatini aan dit deel van de TE tot stand 
gekomen. Aansluitend wordt het middenoor volledig luchthoudend door resorptie van het 
losmazig bindweefsel. 
Dit onderzoek toont aan dat de TE zich in twee fasen ontwikkelt. In de eerste fase ontstaat 
het mucociliair epitheel, zodat de tuba. onmiddellijk na de geboorte, wanneer het dier 
begint te ademen en te slikken, haar beschermende functie kan uitoefenen. Vervolgens 
ontwikkelt zich het dorsale deel en ontstaat het contact met de openingsspieren. De 
voltooiing hiervan valt samen met het luchthoudend worden van het middenoor. Deze 
waarnemingen ondersteunen de hypothese dat de protectie/drainage functie en de 
ventilatiefunctie van de TE topografisch gescheiden zijn. 
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Hoofdstuk 4 
Er bestaat een duidelijke relatie tussen otitis media en infecties van de bovenste 
luchtwegen. In dit hoofdstuk wordt de histopathologic van het lubotympanum bij ratten 
met een infectie van de bovenste luchtwegen (URI) beschreven tijdens een geïnduceerde 
chronische otitis media (COM). 
De TE van het rechter oor werd afgesloten d.m.v. cauterisatie. De conditie van beide oren 
werd regelmatig otoscopisch gecontroleerd. De dieren werden gedood na overlevingstijden 
variërend van 1 dag tot 12 maanden en het tubotympanum werd onderzocht met licht- en 
electronenmicroscopie. Ter vergelijking werd een aantal specifiek pathogeenvrije dieren 
(SPF) op dezelfde wijze behandeld. Bij een aantal controle en een aantal geopereerde 
dieren werden de nasopharynx en het middenoor bacteriologisch onderzocht. 
Otoscopisch onderzoek liet zien dat zich, bij de URI dieren, in alle geobstrueerde oren 
otitis media ontwikkelde in de eerste week na de cauterisatie. Ook in de meerderheid van 
de niet geopereerde linker oren ontstond otitis media. Otitis media ging vaak gepaard met 
trommelvliesperforaties en otorree. In de niet afgesloten oren genazen de perforaties 
binnen drie weken, maar in de afgesloten oren persisteerde een deel van de perforaties. In 
de SPF dieren resulteerde afsluiting van het rechter oor in de ophoping van een steriel 
transudaat dat aanwezig bleef gedurende de observatieperiode van I maand. In hel linker 
oor trad ook transudate op, maar dit was na 1 week weer verdwenen. 
Electronenmicroscopisch onderzoek van de ET van een aantal niet geopereerde URI dieren 
toonde de aanwezigheid van bacteriën aan die aan de apicale celmembraan waren 
vastgehecht. In SPF dieren werden deze niet aangetroffen. 
Histopathologisch onderzoek werd alleen uitgevoerd aan het niet geopereerde linker 
tubotympanum van de URI dieren. Dit onderzoek liet zien dat ontsteking van het laterale 
deel van de TE voorafging aan de ontwikkeling van otitis media. Dit deel van de TE bleef 
gedurende het hele verloop van COM ontstoken. De histopathologische veranderingen 
bestonden uit verlies van cilia, een variabele ontsteking van de mucosa en de paratubaire 
structuren en een plaatselijke desintegratie van het epitheel. Het mediale, nasopharyngeal^ 
deel vertoonde in het algemeen veel minder afwijkingen. Het middenoor vertoonde een 
chronische ontsteking van de gehele mucosa en fibrose. Fibrose was het meest 
uitgesproken by de opening van de TE en op deze plaats was steeds een ophoping van 
lymphoid weefsel aanwezig. Het lumen van het middenoor was gevuld met een purulent 
exudaat. In een klein deel van de oren bleek COM na enkele maanden genezen te zijn: het 
middenoor bevatte geen ontstekingscellen meer, de mucosa was plaatselijk verdikt en het 
epitheel van de TE bestond uit normaal gecilieerd epitheel. 
Deze waarnemingen bevestigen het bestaan van een relatie tussen URI en COM. Met name 
de bacteriële colonisatie van de TE tijdens URI kan beschouwd worden als een cruciale 
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tactor bij het ontstaan van COM De tijdelijke ophoping van vloeistof in het niet afgesloten 
oor \ an de SPF dieren kort na de cautensatie \an de rechter TE, toont aan dat deze ingreep 
een tijdelijke dysfunctie van de linker TE induceert Deze dysfunctie is vermoedelijk 
verantwoordelijk voor het pathologische gedrag van de bacteriën, die in de TE van de URI 
dieren aanwezig zijn, wat resulteert in COM COM was niet beperkt tot het middenoor, 
maar ging steeds gepaard met ontsteking van de TE De hierdoor verslechterde functie van 
de TE wordt beschouwd als een belangrijke tactor bij de continuering \an COM, omdat 
deze de kans op infecties vanuit de nasopharynx vergroot De TE blijft echter in staat om 
het purulente exudaat uit het middenoor af te voeren 
Hoofdstuk 5 
In dit hoofdstuk wordt een onderzoek beschreven naar de bruikbaarheid van de rat als 
experimenteel model voor het bestuderen van de rol van de TE en die van gasuitwisseling 
bij het reguleren van de druk in hel middenoor De middenoordruk werd gemeten via een 
polyethyleen catheter die in de wand van het middenoor was geïmplanteerd Het uiteinde 
van de catheter was gefixeerd op de schedel Via deze catheter konden positieve en 
negatieve drukken worden aangebracht en kon de samenstelling van het gas in het 
middenoor worden veranderd Drukmetingen werden uitgevoerd bij wakkere en 
genarcotiseerde ratten om de actieve opening van de TE uit te schakelen en kort na de 
dood 
De druk die nodig was om de TE te openen was in wakkere toestand lager dan onder 
narcose In wakkere toestand werden positieve drukken stapsgewijs tot nul gereduceerd In 
genarcotiseerde toestand daalde de druk aanvankelijk niet verder nadat de TE weer 
gesloten was bij de sluitingsdruk Openings en sluitingsdrukken waren onmiddellijk na de 
dood niet verschillend van die bij het genarcotiseerde dier Uit deze waarnemingen werd 
geconcludeerd dat de TE actief opent m b ν openingsmusculatuur bij het aanbrengen van 
positieve drukken De mechanische eigenschappen van de TE worden het best gedefinieerd 
door de openings- en sluitingsdrukken onder narcose Directe observatie van de 
nasopharyngeal opening van de TE bij het aanbrengen van een positieve middenoordruk 
hoger dan de openingsdruk het zien dat de luchtpassage beperkt was tot het dorsale deel 
van de TE 
Geïnduceerde negatieve drukken werden slechts gedeeltelijk gereduceerd door actie van de 
openingsspieren Bij lage drukken ontstond er in het middenoor een transudaat In 
genarcotiseerde dieren vertoonden geïnduceerde negatieve drukken geen duidelijke 
veranderingen gedurende een observatieperiode van 3 uur Dit verschijnsel is moeilijk te 
verklaren, maar het suggereert dat geïnduceerde negatieve hydrostatische drukken moeilijk 
genivelleerd kunnen worden zonder actieve opening van de TE Drukregistratie onder 
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steady state condities gaf geen steun aan de veronderstelling dat zich onder normale 
omstandigheden, bij een gesloten tuba, ccn negatieve middenoordruk zou ontwikkelen 
Vervanging van het middenoorgas door 100% C0 2 in genarcotiseerde dieren resulteerde in 
een snelle daling van de middenoordruk tot zeer lage waarden Een vergelijkbaar effect 
werd waargenomen met 100% O,, maar de drukdahng was ongeveer 20 χ langzamer Deze 
drukdahngen werden in het wakkere proefdier tegengewerkt door het frequent actief 
openen van de TE 
Wanneer in het genarcotiseerde proefdier het gas in het middenoor werd vervangen door 
100% Ν
Ί
 ontstond een positieve druk, die na het bereiken van een plateau zeer langzaam 
daalde In het wakkere proefdier werd eenzelfde drukverloop gevonden, maar dit werd 
onderbroken door het periodiek openen van de TE 
Het ontstaan van de positieve druk werd toegeschreven aan de diffusie van C 0 2 en 0 2 
vanuit de mucosa naar het middenoor Deze waarnemingen tonen aan dat veranderingen in 
de drukgradienten van O, en CO-, snel gecompenseerd worden door een proces dat sterk 
lijkt op een diffusieproces, de uitwisseling van 0 2 lijkt echter sneller te gaan dan men bij 
een dergelijk proces zou verwachten 
De N2 gradient is vermoedelijk van groot belang bij het handhaven van de atmosferische 
druk in het middenoor Het handhaven van de N2 gradient wordt verondersteld het gevolg 
te zijn van convectief gastransport 
Dit onderzoek aan de rat toont aan dat dit proefdier een goed model is voor gedetailleerde 
anatomische en (patho)physiologische studies van het tubotympanum Vanwege de relatief 
gemakkelijke bereikbaarheid biedt dit proefdier de mogelijkheid voor directe metingen van 
de gassamenstelhng onder normale en pathologische omstandigheden om zo een beter 
inzicht te verkrijgen in de (patho)physiologie van het middenoor 
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